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Abstract
This thesis tests the hypothesis that the ventilation systems installed in UK dwellings, 
constructed in 2003/04, are adequate to control indoor pollutants and provide acceptable 
indoor air quality. The debate regarding recommended levels of airtightness for UK 
dwellings, and the question 'can a limit be established', is also addressed. The 
theoretical requirements to achieve health, comfort and energy efficiency within 
dwellings, is reviewed and how the current strategy of 'Build tight and ventilate right' is 
being achieved in practise compared to theory. The thesis examines in detail the 
evidence that, in practice we are ventilating right, and explores the concept being 
applied: 'to control ventilation heat loss, by reducing uncontrollable air infiltration, at 
the same time as providing adequate indoor air quality by controllable background 
ventilation'. This study revisits this concept and questions the validity of building 
tighter buildings only to add 'designer holes' in the name of energy efficiency.
The thesis examines the installed performance of the ventilation systems' component 
parts, as found in UK dwellings. In addition to questionnaires and interviews with 
residents, the ventilation system 'in-situ' is inspected and tests carried out. The 
operation of peoples' window habits is also monitored by visual inspection over a one 
year period. Laboratory measurements of the ventilation system are taken for both ideal 
installations, and as found in reality on site. The results of this empirical data are then 
entered into computer models representative of the dwellings, to discover the impact of 
how buildings really perform.
Empirical evidence suggests that occupants control their windows predominantly in 
response to external temperatures. Installed extract fans can provide as little as 30% of 
the Building Regulation requirements when manufacturers data suggests that they 
should comply. This is primarily due to the poor installation of the fan into a real 
building system. Airflow through background (trickle) ventilators was also found to be 
compromised by 38%, due to inferior routing of the slot through the window system. 
Anti-weathering techniques applied by the window manufacturers further inhibited the 
air flow through the ventilators by as much as 46% compared to the ventilator 
manufacturers' performance data.
The results from the software models indicated that tightly constructed dwellings would 
provide a reduction in ventilation heat loss, but at the expense of IAQ if ventilation 
systems were not performing as designed or used as intended.
No evidence from either academic studies or from manufactures could be found which 
measured the installed performance of domestic ventilation systems, in particular the 
performance of the component parts used to form the basis of a natural ventilation 
system generally found in most UK dwellings.
This thesis provides much needed information on the “real” performance of ventilation 
systems as “installed” in the UK. The study found there was a need for the installation 
and performance of ventilation systems to be tested ‘in-situ*. There would appear to be 
a case to call for a legislative regime to inspect and if possible test the ventilation 
systems of new dwellings as they are completed.
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This chapter provides an introduction to the thesis. The context of the research is 
described and the significance of establishing a balance between a healthy and 
comfortable internal environment, and energy efficiency within UK dwellings is 
established. The consequence of occupant interaction with the ventilation system 
installed in their homes is also introduced along with the necessity for post occupancy 
performance testing of those systems. The hypothesis to be tested is presented along 
with a summary of the research methods used. An overview of how the work was 
carried out is also included. Following the description of the research context, the 
specific research objectives are identified. Consideration is given to the scope of the 
research and finally the structure of the thesis described.
1.1 Research Context
Research indicates that people spend more time in controlled environments than ever 
before, whether it is in buildings or in vehicles whilst travelling from one indoor 
environment to another. The requirement for healthy indoor environments has therefore 
become more important. This coupled with the UK and ‘European Governments’ 
commitment to conserving energy and reducing Carbon Dioxide emissions from 
buildings has accelerated the need for a balance between adequate Indoor Air Quality 
(IAQ) and energy efficiency to be reached. This in turn has presented a real challenge 
for the majority of naturally ventilated dwellings and buildings. The concept o f ‘Build 
tight ventilate right’ has been adopted within the UK as an attempt to achieve this 
balance'. At the time of this study, the strategy applied to UK dwellings was to control 
ventilation heat loss through the reduction of uncontrollable air infiltration whilst at the 
same time provide adequate indoor air quality by means of purpose provided 
ventilation either naturally or mechanically.
The philosophy o f ‘Build Tight -  Ventilate Right’1 has started to make an impact on all 
newly constructed dwellings in the UK with adoption of AD Part L (2006) and 
mandatory air tightness testing2. However, this only considers part of what should be 
addressed.
10
The rate of ventilation delivered into a dwelling is dependent upon a combination of 
infiltration and purpose provided ventilation. Therefore both need to be appropriately 
designed and built as specified if recommended ventilation rates are to be achieved.
The level of air tightness achieved in newly constructed UK dwellings was difficult to 
establish prior to the adoption of pressure testing as described in the amended ADL1 of 
the building regulations 20062. The purpose provided ventilations as recommended in 
the building regulations provides the ‘theoretical’ designed ventilation rate. It is 
assumed that people adjust their ventilation to maintain adequate IAQ, i.e. ventilators 
are closed when rooms are unoccupied but opened when occupied. However, little is 
known about actual occupant behaviour and in particular the occupants’ interaction with 
the ventilation systems installed in their homes. At the time of writing this thesis, the 
Energy Saving Trust (EST) was investigating the performance of whole house 
ventilation systems and duct configurations under laboratory condition. Although to 
date there was no evidence of in-situ performance testing for these systems or any of the 
other ventilation systems recommended in the AD -Part F (2006)3.
Ventilation is required within all occupied buildings, not only dwellings, to provide a 
healthy and comfortable internal environment for the occupants. The main task of 
ventilation is to remove polluted indoor air and replace it with ‘fresh’ outside air. Note; 
if the main pollutant sources are external then increasing the ventilation rates can 
increase internal pollution concentrations. In general UK dwellings adopt a natural 
ventilation strategy assisted by mechanical fans in high polluting areas such as kitchens 
and bathrooms. The Building Regulation (1995) AD-Part F- Ventilation recommended 
the number and geometric size of background (trickle) ventilators that should be fitted 
in each room of the dwelling4. The location and performance rate of intermittent extract 
fans for each dwelling is also described within the same document. Only a small 
stipulation for rapid ventilation in habitable rooms and sanitary accommodation are 
included in the regulation. The Approved Document was amended in 2006 to reflect a 
performance based recommendation for ventilation requirements3.
Whole dwelling ventilation rates in the UK are generally recommended to be between
0.5 -1.0 ach1, which is considered to be sufficient for the health and comfort of the 
occupants. Unlike commercial buildings it is the control of moisture which normally 
determines the minimum ventilation rate. Air change rates (acr) within the range 0.5 - 
1.0 ach'1 are generally regarded as adequate to control moisture5*6. Moisture is
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considered the most significant indoor pollutant due to the high rates generated during 
household activities such as cooking, bathing, washing and diying clothes, unlike other 
pollution sources their emission rates cannot be controlled at source. For example, high 
emission volatile organic compounds (VOC) materials should not be used in occupied 
buildings, where as it is humans that directly emit moisture and so all occupied 
buildings will experience significant moisture levels. Research shows that relative 
humidity (RH) levels in excess of 70% within dwellings, for extended periods of time, 
would encourage condensation on cold surfaces which could lead to mould growth5. 
Further studies have shown that daily average RH levels >50% can support favourable 
conditions for the propagation of dust mites7.
This thesis examines the design, installation, occupant use and subsequent performance 
of domestic ventilation systems installed in UK dwellings, based upon a field study of a 
housing development constructed in 2003/04, laboratory and field, measurements and 
computer simulations. As the background infiltration rate of dwellings is reduced to 
minimise heat loss, the role of purposefully provided ventilation in maintaining 
acceptable levels of indoor air quality becomes more important. The thesis examines if 
this “build tight ventilate right” approach is being applied successfully, by investigating 
how the “as built” performance of the ventilation system compares with the desired 
performance as stipulated in building regulations and by manufactures design 
specifications.
1.2 Research Objectives
The aim of the thesis was to test if the ventilation systems installed in UK dwellings, 
constructed in 2003/04, were adequate to control indoor pollutants, providing 
acceptable indoor air quality, while also reducing heat loss. This was achieved through 
the following objectives:
i. To examine the relationship between recommended ventilation rates, adequate 
IAQ, and infiltration rates in UK dwellings.
ii. To measure and compare the actual performance of the ventilation system when 
installed in real dwellings, to the performance they are designed, and expected to 
achieve. The implications of the real performance of the systems, rather than the 
designed performance, on IAQ are examined. The performance of extract fans and
12
background (trickle) ventilators are tested on site and in laboratory tests rigs to 
gain valuable data on how these systems perform in practise.
iii. To observe and quantify how occupants interact with the systems installed in their 
homes, and to examine what are the consequences, in terms of indoor IAQ and 
energy consumption, of this behaviour. Site observations of window opening 
patterns and doorstep interviews with occupants are used to gain an insight into 
occupant behaviour in relation to the use of the ventilation systems installed in 
their homes, and the consequences in terms of reported levels of mould and 
condensation.
iv. To investigate if the currently available natural ventilation systems do provide 
adequate IAQ in UK dwellings which have been designed to have high levels of 
air tightness because of the need to reduce ventilation heat loss. To examine if 
there is a limit to the levels in air tightness beyond which IAQ cannot be 
guaranteed. The impact of the real performance of the systems compared to the 
expected performance is further examined by the use of computer simulation, to 
predict the ventilation heat loss, and pollutant concentrations in dwellings with 
different levels of air permeability.
1.3 Scope of Research
To test the hypothesis presented, three different methods of investigation were used:
1. A Field Investigation
The field study, based around a large housing development in north Cambridgeshire, 
consisting of privately owned dwellings. The research was confined to the first and 
second phases of this housing development comprising of a variety of house types. The 
first phase included 120 occupied dwellings. The second phase was under development 
with 64 properties at various stages of construction. All the dwellings were designed to 
be naturally ventilated and therefore the regular opening of windows was considered an 
essential requirement of the ventilation system if adequate IAQ was to be achieved. 
Independent observations of the occupied dwellings were carried out at the site over a 
period of one year to gather data relating to the window opening habits of the 
occupants. Door step interviews were also carried out to gather information regarding
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the life styles and behaviour patterns of the occupants. The performance of the installed 
ventilation systems component parts was also tested, where possible.
The data gathered from the observations, and interviews was used to analyse the 
occupants’ ventilation habits in relation to their use of the ventilation systems available 
within their homes. Comparisons were made between the use, and non use of the system 
provided as well as the use of various component parts in unison. The resulting effects 
of the ventilation habits on conditions such as condensation and mould growth were 
investigated.
2. Performance Mapping
Samples of the ventilation system component parts were obtained direct from the 
manufacturers’ and tested under laboratory conditions in accordance with 
BS EN1314-1/48. Manufacturer’s data for the component parts of the systems were 
examined and compared against the laboratory and actual in-situ test results, collected 
from the unoccupied dwellings on site. The ventilation system performance, as 
measured on site, was compared against the same system performing as recommended 
by AD-F (1995)4 and the Manufacturer’s claimed performance data
3. Software modelling
Computer simulation techniques were used to predict theoretically the IAQ experienced 
inside two representative dwellings from the housing development. Ventilation Heat 
Loss (VHL) calculations were also performed for the same dwellings based on the 
results of the computer simulations. The impact of any differences in the measured 
installed performance compared to the designed performance, of the ventilation system, 
on IAQ and VHL were investigated. In addition the consequence of occupants 
interacting with the system was investigated and compared. A range of infiltration rates 
were applied to the models to investigate the additional effect of unintentional air 
leakage through the building envelope.
1.4 Thesis Structure
The thesis has been structured into a further five chapters:
• Chapter 2- Literature review 
The Literature review examines the relationship between IAQ, ventilation, health, 
comfort and energy efficiency within the indoor environment, with specific emphasis on
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domestic dwellings. The ventilation systems currently used in the UK and the regulatory 
framework are also introduced. The effects of infiltration through the fabric of the 
building and occupant interaction with the system installed were also reviewed.
•  Chapter 3- Field Study
The methodology used to carry out the field study investigation is described. Statistical 
analyses of the results from the investigation are presented together with a full 
description of the housing development and the dwellings investigated in the study. The 
object of this chapter was to establish occupant related behaviour towards ventilating 
their homes.
•  Chapter 4 -  Performance Testing
The method of testing the component parts of the ventilation system both on site as 
installed and under laboratory conditions are illustrated within this chapter. A 
description of the laboratory facilities and equipment along with the recommended 
testing standards used are also described. The chapter examines the effects of variations 
in installation practises and how this inhibited the performance of the systems.
• Chapter 5 - Computer Modelling
The aim of this Chapter was to examine theoretically, through computer simulation, the 
predicted IAQ experienced inside two representative dwellings from the housing 
development under investigation. The software modelling techniques were used to 
evaluate theoretically how effective the ventilation system, installed in the dwellings, 
was at providing adequate IAQ throughout the UK heating season. The systems' ability 
to remove indoor pollutants, primarily moisture, was investigated along with the air 
change rate per hour (ach) and the predicted ventilation heat loss (VHL) experienced as 
a consequence of using a natural ventilation system. Both the effects of unintentional air 
leakage through the building envelope, and the consequence of occupants interacting 
with the system was investigated and compared.
• Chapter 6 -  Conclusion 
The key conclusions drawn from this investigation are detailed within this Chapter, with 
specific reference to the research objectives. The obstacles encountered during the 
investigation are also discussed. The chapter concludes with a summary of the 




The Appendix continues the technical details of the field study buildings, 
questionnaires, laboratory equipment and detailed individual results. This very detailed 
but important information has been placed into the Appendix in order to enable the 
main text to clearly communicate the main findings.
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2 Ventilation and Indoor Air Quality
An in-depth literature research has been carried out to examine the scientific approach 
to Ventilation and Indoor Air Quality (IAQ). The review initially discusses the necessity 
for ventilation and the various recommend rates and strategies for providing it. The 
effects of infiltration through the fabric of the building and occupant interaction with the 
system installed will also be examined. In addition, the theoretical requirements to 
achieve health, comfort and energy efficiency within the indoor environment, with 
specific emphasis on domestic dwellings will be considered.
2.1 Ventilation
Creating a good indoor climate seems to have been a preoccupation for mankind ever 
since the first dwellings were built. Furthermore, once window glazing was invented, 
houses developed in more or less closed spaces and the occupants became even more 
aware of the need for ventilation. For centuries, the chimney and opening windows 
provided this need, while air infiltration through the building shell supplied permanent 
natural ventilation. With increasing health criteria and the call for energy savings after 
the first oil crisis in late 1973, scientists became aware of the importance of better 
controlled ventilation in living spaces. During the late seventies The Swedish Council 
for Building Research examined the relationship between airleakage and energy 
consumption within Swedish dwellings. The research found that improvements of 
thermal insulation and airtightness resulted in annual energy savings1.
Ventilation systems either natural or mechanical can be described as having three main 
functions. The system is primarily used to renew indoor air and remove indoor 
pollutants, created by metabolic functions of occupants or emitted from other sources, 
in order to ensure acceptable air quality for the health and comfort of the occupants. It 
also contributes to the protection of the building fabric from damage due to 
condensation inside the space. Finally, it acts to provide thermal comfort for the 
occupants using the space by providing summer cooling through the delivery of cooler 
‘fresh air’ to the internal environment. For example uncontrolled infiltration however
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can have a detrimental effect on both the energy consumption of the building and the 
effectiveness of the ventilation system, and consequently the indoor air quality and 
occupant comfort. Each method of ventilation operates most effectively if the building 
envelope is constructed to the appropriate air tightness standard for the chosen 
ventilation method.
The Energy Saving Trust (EST) in 2006 published a guide to address the importance of 
energy efficient ventilation within UK dwellings. The guide known as GPG 268, 
describes ventilation systems suitable to provide recommended ventilation, along with 
the importance of controlling advantageous leakage through the exposed facade of the 
dwelling.2.
The importance of energy use in non-industrial buildings (dwellings, offices etc) was 
investigated in 1998 by the International Energy Agency AIVC. This involved 12 major 
industrialised countries, the UK and the USA in the northern hemisphere and 1 country, 
New Zealand, in the southern. A comparison was made to demonstrate that total 
building energy demand was of comparable significance to the transport sector and 
more than twice the demand of the industrial sector. The results of the study indicated 
that, air change related energy losses were as important as conduction and equipment 
losses in dissipating delivered space conditioning energy from buildings. The 
conclusions drawn indicated that as national standards, regulations or codes of practice 
improved, the thermal integrity of buildings and the increased efficiency of equipment, 
it was predicated that ventilation and air movement within buildings would become the 
dominant energy loss mechanism3
2.2 UK Regulations
Ventilation and the systems used to provide it within English and Welsh dwellings are 
recommended through the Building Regulation -  Approved Document F-Ventilation. 
The history behind the Building Regulations dates back hundreds of years to the Great 
Fire of London in 1666 when the first building construction legislation was introduced 
(1667) requiring buildings to have some form of fire resistance. Two hundred years on, 
the Industrial Revolution had meant poor living and working conditions in ever 
expanding, densely populated urban areas. Outbreaks of Cholera and other serious 
diseases, through poor sanitation, damp conditions and lack of ventilation forced the
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Government to take action. Building Control took on the greater role of Health and 
Safety through the first Public Health Act in 1875. This Act had two major revisions in 
1936 and 1961, leading to the first set of national building standards, The Building 
Regulations 1965.
The regulations developed gradually up to 1984 when the building act was introduced, 
which set out the structure for the Building Regulations as they currently exist today. 
The Building Regulations are a simple statement of requirement with no technical 
information related to compliance. The technical details of recommendations that 
should be followed, in order to achieve compliance, are contained within a set of 
Approved Documents originally numbering 14 labelled A-N then increased to 15 with 
the addition of Approved Document P-Electrical safety -  dwellings 20064. The idea of 
the Approved Documents was introduced through the Buildings Act 1984 to save on 
Parliamentary time when revisions were deemed necessary and to provide greater 
flexibility for the revisions within particular areas. The process was introduced so that 
only the relevant Approved Document needed to be revised, rather than the entire set of 
Regulations. The Approved Document F- Domestic Ventilation, was one of the first of 
these documents to be revised under this process5. The revision of the Approved 
Document, together with a revised Approved Document L (Conservation of Fuel and 
Power) and Approved Document A (Structure) came into law as the Building 
Regulations (Amendments) 1994 enforced 19956,7. One of the noticeable changes was 
that Part F no longer only covered Domestic Ventilation but included for the first time 
Non-Domestic buildings.
2.3 Ventilation Rates
The suggested rate at which ‘fresh’ air is supplied to any building has historically, in the 
industrialised world, been based upon the activities of the occupants within the 
buildings and as such a distinction between commercial and residential buildings has 
been made. Varying ventilation rates for different types of buildings accommodating an 
assortment of activities are published in guides prepared by The Chartered Institute of 
Building Service Engineers (CIBSE) and the Building Research Establishment (BRE).
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2.3.1 Commercial Buildings
British Standard BS5925and Ashrae Standard 62-1999 both recommend a minimum of 
8 1/s per person (-28.8 m3/h) and 15 cfm per person respectively8*9. These rates of 
ventilation will maintain CO2 levels below 1,000 ppm and control body odour levels 
within an office environment when the occupant activity level is described as being 
‘sedentary’. The office requirement will generally be used as a base reference for 
ventilation rates when the intended use of a building is unknown at the design stage. In 
April 2006 the revised Approved Document Part F-Ventilation recommended the 
minimum whole building ventilation rate for offices in the UK should be increased to 
1 0 1/s10.
2.3.2 Residential Buildings
British Standard BS525011 and CIBSE Guide B212 recommend domestic ventilation 
rates, in terms of air change rates per hour, generally between 0.5 - 1.0 ach'1 are 
considered to be adequate for the removal of moisture, which is in excess of ventilation 
rates considered as adequate for the health and comfort of the occupants. Unlike 
commercial buildings it is the control of moisture which normally forms the basis for 
the ventilation strategy within domestic properties. Condensation is considered the 
dominant pollutant because it is generated by moisture producing activities such as 
occupants breathing; cooking, bathing, washing and especially drying clothes indoors 
during winter months13. As the primary function of a building is to protect the 
inhabitants from the elements it is difficult if not impossible to eliminate all these 
sources of pollutants in particular; occupant breathing. The principle reason for 
controlling moisture is to prevent mould growth, which has been associated with a 
range of health problems. Mould growth occurs on hygroscopic building surfaces when 
relative humidity (RH) at the surface is above 80% for a period of several weeks. Due to 
external walls being colder than the air inside the building the RH is higher at wall 
surfaces than the bulk of the room. In order to avoid mould growth a general room RH 
of less than 70% is recommended provided the building has no serious cold bridges.
RH is a function of temperature and moisture it is therefore possible to control the room 
RH by either raising the temperature or reducing the moisture. The temperature can be 
raised, by either improving the heating or insulation, and the moisture can be reduced 
by either reducing the sources of moisture or increasing the ventilation14.
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Fig 2-1 shows how the relative humidity varies in theory with ventilation for an 
example property with two types o f occupant, fuel poor and fuel rich. In the case o f fuel 
rich occupants as the ventilation rate increases they can afford to maintain a comfortable 
temperature in the dwelling and hence the RH always reduces. In fuel poor dwellings as 
the ventilation increases the temperature drops in the property because the occupants 
cannot afford to adequately heat the property. The net result o f  this is that the RH begins 
to increase at approximately 1 air change per hour. The graph illustrates the critical 
finding that RH rapidly increases at air change rates below 0.5 ach '1
Impact of Increased Ventilation on Internal RH
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Figure 2-1: Impact of Increased Ventilation on Internal Relative Humidity
The removal o f odours as well as pollutants such as VOC is also controlled through the 
supply o f fresh air from the ventilation system installed in the dwelling. Good Practice 
Guide (GPG) 268 (revised 2006) recommends a ventilation rate o f between 
0.5 -  1.5 ach '1 as being adequate to control most indoor pollutants, and provide 
sufficient “fresh’ air for the comfort o f the occupants. However an earlier BRE 
Information Leaflet stated a minimum whole house ventilation rate o f 0.5 ach 1 should 
be generally considered suitable for the removal o f excessive condensation as it was 
derived from both practical and theoretical experience. It was also assumed that a 
ventilation strategy based on removing moisture, due to the high rates o f production 
from the activities described above, would be effective in the control o f all the other 
pollutants1'. This was in agreement with studies carried out by Liddament in 1996 and 
2o o i ,6& 17 The results o f a study conducted by the BRE in 2005 disagreed with these 
earlier assumptions. The effects o f indoor pollutants on IAQ in conjunction with the
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then current ventilation rate requirements were examined. Although the study was 
small and with limitations the study opened up the debate into ventilation requirements 
and the effects of ventilation openings such as background ventilators on the overall 
IAQ within the dwelling18.
2.3.3 Ventilation Standards for Dwellings
Various standards around the world provide guidance for the recommended ventilation 
rates required to maintain a healthy indoor environment within dwellings and are 
concerned primarily with the health of the occupants. Table 2-1 shows the variations in 
recommended values as recorded in 2002, with some countries opting for whole 
dwelling ventilation rates and others relying on ‘per room’ or ‘per person’ 
requirements19 In 2005 the USA revised the ventilation requirements for dwellings of 3 
storeys or less and opted to state the requirement in 1/s per person instead of air change 
rates per hour as detailed in the table below20. Changes to the UK requirements were 
proposed in 2005 and adopted in April 2006. The changes shown in Table 2-2 for the 
UK moved towards a more ‘performance’ based requirement instead of the previous 
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Commercial 10 Vs per m2 of floor area
Domestics (low rise 3 storey or less) Based on: occupant density/floor area 
4 Vs per occupant
+ additional extract from wet rooms
Variable rates dependent upon system installed (intermittent 
or continuous mechanical extract)
7.5 cfm
(3.5Vs per person)[2]
Table 2-2: Newly Adopted Ventilation Standards for USA & UK Dwellings
There appeared, from the articles reviewed, that there was a conflict of opinion on how 
effective these various rates were at providing adequate indoor air quality (IAQ) for the 
occupants of the buildings. However there was a consensus of opinion that a ventilation 
system should be designed to satisfy the purpose for which it was initially required. The 
conclusions drawn from Technical Note 53 agreed, that ventilation should be sized to 
deal with the generation of pollutants; as occupant density in a dwelling could be 
described as ‘relatively low’ compared to offices or public buildings such as schools
2.4 Ventilation Strategies
Recommended ventilation rates are supplied to both commercial and residential 
buildings through an assortment of ventilation systems employing various techniques 
and strategies. The choice of system can be dictated by local climate conditions or
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building type but price, competitiveness and an unwillingness to deviate from minimum 
requirements of relevant Building Regulations often restricts choice. However choice 
ultimately rests with factors such as IAQ requirements, outdoor climate, cost, and 
design preference and in the case of commercial buildings heating and cooling loads are 
also a consideration.
The energy crisis in the early 1970’s introduced the need for energy-efficient ventilation 
systems, and the trend has continued to the present day. The emphasis over time has 
changed slightly however, first in the direction of installations having a low 
environmental impact to innovative design solutions striving to achieve minimal to zero 
CO2 emissions. Air conditioning once the option of choice for prestigious commercial 
buildings can now be supplemented with novel ‘mix-mode’ systems capable of 
combining mechanical precision with natural forces to provide alternative ‘energy 
efficient’ solutions.
It is not the intention of this study to focus on ventilation issue within the commercial 
sector either at home or aboard but to concentrate instead directly on UK residential 
buildings and their requirements. The primary ventilation strategy for domestic 
properties in England and Wales is Natural Ventilation as described in the Building 
Regulations -ADF-Ventilation 1995- (revised in 2006) but this is by no means the only 
method available5 Mechanical ventilation with or without heat recovery is also 
available for the domestic market. At the time of writing sophisticated mix-mode 
systems, were consider as costly and therefore not found within the residential sector. 
Mechanical cooling and small portable and room based air-conditioning units are 
starting to make an appearance within some domestic dwellings due to possible summer 
over heating as a consequence of increased thermal efficiencies in some poorly designed 
properties and the effects of climate change.
Various ventilation strategies can be utilized to provide natural or mechanical 
ventilation to buildings. Natural ventilation relies on wind and buoyancy as the driving 
forces where as mechanical ventilation requires power for motor driven fans.
2.4.1 Natural Ventilation Strategies




Figure 2-2: Cross Flow Ventilation
Wind pressure driven cross ventilation usually best suited to open plan designs as the 
incoming and outgoing air stream should pass directly through the occupied zone. 
Cross flow ventilation is best suited to spaces o f depth >2.5H, were H is the ceiling 
height with a maximum o f  5H. Therefore this strategy would not be suitable for deep 
plan buildings. This type o f  technique can be delivered through window openings and 
or purpose provided background ventilators commonly referred to as Trickle 
ventilators'. Cross flow ventilation is driven by a net pressure difference across a 
section o f the building caused by positive induced pressures on the windward surfaces 
o f the building and negative pressures on the leeward surfaces.
• Single-sided ventilation
cv uy^ =t*-
Figure 2-3: Single-sided Ventilation
Wind variation induced single side ventilation where the air flow through the opening is 
due to wind and buoyancy. When the indoor temperature is higher than ambient 
temperature due to buoyancy effects the cold air enters at the lower part o f the opening 
and the hot air exits at the upper part. This is a complex phenomenon and due to the 
fluctuation o f the wind speed; the rate o f flow will fluctuate across the opening. The 
resultant air exchange especially through small openings would only be driven by
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"turbulent fluctuations', and therefore only provide a low ventilation rate unless the 
opening was oversized16.
• Stack ventilation
Figure 2-4: Stack Induced
Buoyancy pressure driven stack ventilation requires careful design in order to perform 
correctly. Stack pressure is proportional to indoor-outdoor temperature difference and to 
the vertical distance to the neutral pressure level (NPL). The NPL is an important 
concept for the correct design o f  natural stack ventilation. The level sets itself so that the 
airflow rates that enter and leave the building are balanced. Warm and humid air is 
lighter than cold dry air and in temperate climates the indoor air is usually wanner than 
the outdoor air therefore exits the building through upper openings. The air is then 
replaced by colder air entering via the lower openings.
• Combination Cross flow/ Stack ventilation
Combined wind and buoyancy driven ventilation requires the ventilation openings 
to be strategically placed around the building. The combination o f  wind pressure 
and stack effect will reinforce the ventilation throughout the building. However as 
the transition from cross flow to stack effect takes place at wind speeds between 3-4 
m/s the ventilation rate within the building reduces momentarily21.
The actual rate o f flow achieved within a naturally ventilated building, depends upon 
the following variables:
• The wind speed and direction
(Ventilation rates at low wind speed are dominated by the stack effect and as wind 
speed increases the ‘wind' dominant ventilation takes over).
• The position and flow characteristics o f  all openings 
(uncontrolled) infiltration and purpose provided ventilation).
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• The wind pressure coefficient distribution.
For a given wind direction details of the wind pressure coefficient distribution on 
the building facade needs to be considered. Relative to static pressure of the ‘free’ 
wind, the pressure acting at any point on a surface can be evaluated from:
pc v2
Pw = — -— Pa Equation 1
2
Where:
cp = wind pressure coefficient
v = local wind velocity at a specified reference height (m s1), 
p = air density (kg m'3) 16
• internal and external temperatures (stack effect)
(The pressure difference needed to drive air through the openings is achieved though 
the buoyancy of the air at different temperatures.)
2.4.2 Mechanical Ventilation strategies
Mechanical ventilation strategies for dwellings comprise of various configurations of 
parts coming together to provide a selection of systems:
• Mechanical Extract Ventilation
Through the use of a fan air is removed from a space creating an under-pressure 
which causes an equal mass of replacement air to flow into the space through 
purposed provided and advantageous openings. Mechanical systems dominate the 
rate of flow if the extract process creating the under pressure is at a greater level 
than that produced by naturally induced pressure of wind and temperature.
• Local Extract Fans:
Normally installed in kitchens and bathrooms to support natural ventilation and 
provide rapid extraction of moisture and other pollutants from source. Small low 
capacity fans are generally used, mounted on external walls, windows or in cooker 
hoods. Ceiling mounted is also an option but ducting to an external wall is required. 
Replacement ‘diy/fresh’ air is normally supplied via purpose provided ventilators
29
and air leakage around the building envelope. The fans are not normally operated 
continuously but are either automatic (timer/switch/RH) or occupant controlled.
• Continuous Mechanical Extract
Continuous mechanical extract ventilation is usually a whole dwelling ventilation 
system but it can also be carried out via single point fans. The system comprises of a 
central unit positioned in a cupboard or loft space ducted throughout the dwelling to 
extract air from the wet rooms. Supply air would normally be ducted to all ‘dry’ 
(habitable) rooms: bedrooms, dining rooms, living rooms etc. Alternatively a single 
roof fan ducted down into the dwelling can be used to extract air to the outside via a 
single duct. Background (trickle) ventilators in habitable rooms plus air leakage 
paths in the external fa9ade are used to provide the replacement air22.
• Mechanical Extract with Heat Recovery
These systems also operate continuously but have the added advantage o f ‘pre­
heating’ the incoming air via a heat exchanger. The warm moist air is extracted from 
wet rooms via a system of ducting and passed across a heat exchanger before 
exhausting to outside. Fresh incoming air is preheated via the exchanger and ducted 
to the habitable rooms. The system operates as a balanced system and ideally should 
be fitted into a well sealed dwelling with minimal air leakage (infiltration).
• Mechanical Supply Ventilation
Also known as ‘positive input’ ventilation because a continuously running fan is 
used to slightly positively pressurise the dwelling. Supply air is mechanically 
introduced into the dwelling where it mixes with the existing air prior to exhausting 
through purpose provide and/or infiltration openings. With this type of system 
excess moisture is not directly removed from the dwelling but instead finds it own 
way out via openings within the building envelope2.
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2.5 Natural Ventilation in UK dwellings
An approved method of compliance with Building Regulation Part F -1995 (revised 
2006) was to provide background ventilation in specific rooms as detailed in Table 2 
above with intermittent extract units in the wet rooms5 The amendments adopted in the 
2006 revision of the Approved Document F, introduced performance base requirements 
for the background ventilators to replace the prescriptive terms used previously10.
2.5.1 Background (Trickle) Ventilators
The sizes and performance of background ventilators were reviewed by the BRE in 
2003 in conjunction with the approach taken in the building regulations to background 
ventilation, and the then CEN performance standard later adopted as the British 
Standard BS EN13141-1:2004 was discussed23. The then new standard referred to: ‘The 
performance characteristics of the components/products for residential ventilation’ and 
Part one related directly to: ‘Externally and internally mounted air transfer devices’. The 
adoption of the standard alters the way in which the performance of background 
ventilators was to be measured in the future. Prescriptive geometric measurement used 
in the AD-F (1995) would no longer be valid because BS EN 13141-1 provided a 
uniform method of testing for all background ventilators. Due to the adoption of the 
standard it became possible to identify the performance of a ventilator in terms of its 
flow characteristic as well as by its geometrical free area. The standard specified that 
using prescribed equipment, the flow produced through a ventilator could be measured 
over a standard range of pressure differences. The experimental data would then be 
fitted to a power law curve to calculate the flow coefficient, and the flow exponent from 
which the equivalent area of the ventilator would be calculated.




qv = volume flow rate for a certain pressure difference in Is'1.
Values of the constant Caare given in Table 2-3
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Table 2-3: Values of C for several pressure 
differences
The standard recommends that the actual performance o f the ventilators is only valid if 
the ventilator is ’mounted' as per the Manufacturers' instructions24.
2.5.2 Passive Stack Ventilation (PSV)
The PSV system is a local extraction system that uses both background ventilators as 
purpose provided inlets and a separate stack (chimney) located in kitchens and 
bathrooms as the exhaust. Fig 2-5 shows details o f the system and how air flow is 
driven through the stack by a combination o f stack pressure and w ind induced suction 
pressure. Generally these systems are used to assist with the extraction o f moist air from
‘wet' rooms2.
Figure 2-5: Passive Stack Ventilation
The ventilation rate achieved within a building is the combination o f both infiltration 
and purposed provided ventilation. All o f these systems, with the exception o f heat 
recovery, provide a level o f ventilation in addition to the natural infiltration o f air 




Air infiltration is the fortuitous leakage o f air through cracks and gaps in the building 
envelope due mainly to imperfections within the structure either from materials, 
construction methods or workmanship.
The leakage rate o f  buildings are discussed in terms o f either Tight’ or ‘leaky’, 
however over the years the perception o f  what this actually meant in terms o f numerical 
values has altered. In 1989 the BRE published the results o f a study conducted at the 
time indicating the average leakage rate o f 284 dwellings in the UK was 14.8 ach'1 at 
50 Pa and a tight house was described as having an air change rate per hour (ach "') o f 
anything below 10 ach '1. Leaky houses could have infiltration rates o f 20 ach'1 at 50 Pa 
or above and it was concluded that the majority o f conventionally constructed dwellings 
would fall somewhere in between .
Figure 2- 6 shows the results o f a later study carried out by the BRE in 1998 for a 
selection o f dwellings o f various age, type and construction. The results o f this 
investigation showed a reduction in the average dwelling leakage rates down to an 
average o f  13.1 ach'1 at 50 Pa. Comparing these results with countries such as USA, 
Canada and Sweden indicate that the average leakage rate for UK dwellings was far 
leakier than other industrialised countries. The UK results and the data surveys from the 
other countries did show agreement that there was a wide variation between dwellings 
in each individual country, but the mean values for the housing stock recorded were 
consistently below' the UK average.'6.
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Figure 2-6: Air Leakage Rate Distribution for UK Dwellings (Based on envelope 
gross internal volume)26______________________________________________
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As part of the Warm Front (WF) Study (2004) a comparison of building component 
infiltration rates were made with the data collect for the BRE study as detailed in Fig.2- 
6. It was found, that due to the difference in component classification a direct 
comparison could not be made. The WF study tested the air infiltration rate of 191 
dwellings throughout England using the fan-pressurisation test method. The dwellings 
were tested either before or after retrofitting of energy efficient measures. The study 
found that the average air leakage was only improved by 4% in the modified dwellings. 
The study concluded this was due to the retrofitting of the gas central heating system 
which increased the dwellings infiltration rate by as much as 13%. It was also found 
from this study that the age of the property was not a good indicator of the air leakage 
as previously thought21.
The concept of ‘build tight and ventilate right’ first appeared in the early 1980’s and is 
still quoted in journals and publication to day. It is a theory proposed for reducing 
ventilation heat losses caused by adventitious leakage in dwellings without 
compromising the rate of ventilation providing adequate IAQ for the occupants . The 
concept was investigated in 1992 and the report concluded that a concept which 
advocated the tightening up of the building envelope and then providing controlled 
ventilation was the basis of any good design. The study investigated the then current 
standard of air tightness of different building types within the UK both domestic and 
commercial and compared them to North America and Sweden. The results showed UK 
dwellings to be twice as leaky as the average North American and four times ‘more 
leaky’ than the average Swedish dwelling29.
During the 1980’s and well into the nineties the Swedish building code prescribed 
tighter and more insulated housing. The standards developed from simple mechanical 
exhaust ventilation via roof fan or kitchen hood (similar to UK today) to complicated 
mechanical exhaust and supply vent systems with heat recovery. Then in 2000 a revised 
building code was introduced which required all new buildings to incorporate 
ventilation systems with heat recovery. The trend then moved towards simple exhaust 
ventilation with an exhaust air heat pump for heat recovery and total heating30
An analytical approach to investigating the energy efficiency of three different 
ventilation strategies when applied to UK dwellings was instigated as a result of a field 
study carried out in 1997 by Leeds Metropolitan University. The initial results gathered 
from the field study indicated improvements in air quality in the dwellings with
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continuously running MVHR systems, compared to dwellings fitted with intermittent 
extract ventilation fitted in kitchens and bathrooms only However, due to excessive 
levels of infiltration through the building envelope and high fabric heat losses from all 
the field trial dwellings, comparisons in energy use between the dwellings were 
inconclusive. Through the development of a simple two dimensional computer 
modelling programme, the author was able to compare and analyse the affects of 
infiltration in domestic dwellings for a range of ventilation strategies. The results of the 
study confirmed the benefits of MVHR systems would be maximised if installed in 
airtight dwellings31.
A report published in Nov-Dee 2006 by the Department of Trade and Industry (dti) in 
the UK investigated what lessons could be learnt from Northern Europe with respect to 
energy efficient housing. The report also found that MVHR systems could be at risk 
from poor performance unless the dwellings fitted with these systems were checked for 
airleakage prior to and post occupation32
The need to identify the levels of airtightness being achieved in dwellings along with 
ventilation rates was crucial if energy efficiency of dwellings was to be addressed as 
described by the Swedish research in 1983!.When outdoor temperatures are much lower 
than the required indoor temperature, the heat lost from buildings (dwellings) due to air 
infiltration and ventilation accounts for a considerable part of the space-heating 
requirement. Energy loss due to air transfer either heated or cooled was recognised by 
the European Commission as being crucial whilst commenting on the difficulties of 
carrying out evaluations33.
Radical improvements to construction methods due to energy efficient incentives over 
the years, has promoted an improvement to the actual infiltration rates of newly 
constructed dwellings. However, there was no data available to confirm this in the UK 
until November 2004 when, the BRE in partnership with National Energy Service 
(NES) investigated a sample of 99 dwellings constructed in accordance with the 
requirements of AD Part LI of the 2002 Building Regulations34. All previous studies 
showed infiltration rates in terms of air change rates per hour (ach1) at 50 Pa, but this 
study referred to infiltration in terms of ‘air permeability’ and expressed the rate in units 
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Figure 2-7: Distribution of Measured Air Permeability (m3/h/m2 at 50 P a ) ^
The leakage rate through the building envelope can be measured using two different 
parameters:-
• Air leakage index
• Air permeability
The fan pressurization test method described in CIBSE guide TM23 can be used to 
determine either parameter but the results are not interchangeable3*’. The difference 
between the two is the ‘air leakage index' which does not include the surface area o f the 
ground floor as part o f the external building envelope unless it is, for example a 
suspended timber ground floor in the dwelling. The ‘air permeability' parameter always 
includes the ground floor area as part o f  the external envelope o f the building and is 
expressed in volume flow rate per hour (m3h ’) per square meter (m2) o f building fasade 
for a reference pressure difference o f 50Pa. The ‘air leakage index' is expressed in 
terms o f ach"1 at a specified internal to external pressure difference o f 50Pa. (Q50/V).
The infiltration rate for the dwelling is then evaluated using the 1720th rule. The standard 
rule o f thumb is used to convert from pressure test results (A C H 50) to air infiltration at 
normal operational pressure (NL), as described by work carried out in the Lawrence 
Berkley Labs in the US37
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Equation 3
However it must be noted that if the flow coefficient, flow exponent, floor area and 
height of a dwelling are known, the background infiltration rate can be calculated with 
greater accuracy.
where:
ELA50 = effective leakage area at 50 Pa, 
k  = house flow coefficient,
n = house flow exponent,
H = height of the house
Af = floor area
The results of the NES study showed that from a sample of 99 dwellings 68% of the 
sample achieved the Building Regulations for England and Wales recommended 
maximum level o f ‘air permeability’ of 10 m3h'lm"2 at 50Pa with a mean value of 9.2 
m3h 1m’2 at 50Pa34. During the 1998 study additional data was gathered for 384 of the 
471 dwellings in terms of dwelling dimensions. The leakage per square meter of 
envelope surface area per dwelling was therefore calculated and the results indicated a 
mean value of 11.5 m3h‘,m'2 at 50 Pa for the sample.
The recent BRE study18 reverts back to quoting air leakage rates in air changes per hour 
at 50Pa and the results from pressure testing 13 dwellings constructed post 1995 
indicate an average air leakage rate of 12.9 ach 'so in winter and 13.9 ach 'so in summer. 
These results are shown to be the same as the results gathered in 1998 indicating no 
significant improvement in terms of infiltration rates within UK dwellings for the past 
decade.
Equation 4
NL =1000 e l a 50(  h  y 3 Equation 5
Af  {2.5 J
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Both the recent studies have expressed air leakage results in either ach' 150 or m3h'1m'2 at 
50Pa and both have shown that dwellings constructed since 1995 are no more air tight 
than the current housing stock. The results of these recent studies confirm the results of 
previous research which indicated there was a wide variation in leakage rates between
n 1 ^
dwellings. The results from 2004 showed a variation between 3.2 to 16.9 m h 'm ' at 
50Pa and the most recent investigation showed a variation of 4-20 ach'^o. It was also 
stated in the 2005 BRE study that:
‘  An air leakage/permeability o f 10 m3h'Im2 at 50Pa can be
I  18approximated to 10 ach' at 5 OP a. ’
Studies at Leeds Metropolitan University agreed that infiltration rates in new UK 
dwellings were not reducing as originally anticipated and proposed a change in 
construction methods as a possible reason. New dwellings are primarily constructed 
using plaster board dry lining as oppose to wet plaster used in the past. The study 
indicated this change was attributed to many reasons none of them related to an increase 
in energy efficient measures. The Paper described how the wet plaster method had the 
advantage of sealing air pathways between the cavity wall and interior of the house. The 
results indicated that the new dwellings using the dry lined method were prone to be 
more leaky than the wet-plastered dwellings due to an air gap being created between the 
plaster board sheet and the masoniy wall which allowed the air to move freely around 
the cavity.
This study was undertaken as part of a much larger field trial, set-up to support the 
review of AD Part L of the UK Building Regulations (2002)34. As part of the conditions 
for the field trials a target dwelling infiltration rate of 5 m V ’m 2 at 50Pa was set. In 
order to achieve this, a technique known as ‘parging’ was applied to the interior surface 
of a dwellings external wall. Traditionally this was a type of plastering or whitewash 
used to coat walls or line chimneys to avoid gases escaping through motor joints and 
cracks in chimney walls. The results of a pressurization test confirmed a 50% reduction 
in the infiltration rate for the dwelling under consideration. The conclusions drawn 
highlighted parging only contributed to achieving airtightness in dwellings and would 
only be effective if used in conjunction with other methods and good workmanship. It 
was also recommended at the time that further studies should be carried out on a 
representative sample of dwelling types in order to quantify the effects that parging
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could have on the overall airtightness of drylined load bearing masonry dwellings
38because these conclusions were based on results gathered from only one dwelling .
In 1999 the Rowntree project was initiated to develop a prototype regulatory framework 
for the year 2005/2006. It was designed to achieve significant reductions in energy use 
and CO2 emissions from dwellings. The results of the project made a significant 
contribution to the development of the drafting of the Building Regulation approved 
documents which were adopted in the spring of 2006. The work was based on earlier 
work carried out in 1998 which showed the application of standards broadly similar to 
Swedish building regulation standards, together with improvements in heating systems 
efficiencies, could reduce space heating requirements of new UK dwellings by 80%. 
This was compared to dwellings being constructed at the time in accordance with the 
then current UK standards. In order to achieve this, the report continued to describe 
certain prerequisite which would need to be implemented one of which was the 
introduction of pressurisation testing for dwellings to ascertain the airtightness 
standards being achieved39.
As part of the revision to the AD Part LI A this recommendation was adopted in April 
2006, the requirement to pressure test a representative sample of newly constructed 
dwellings was introduced40. In March of that year a new Technical Standard was also 
published to give guidance on air pressure testing. The standard based on the BS EN 
Standard 13829:2001 was drawn up by a group of professionals referred to as ‘The Air 
Tightness Testing and Measurement Association’, (ATTMA), dedicated to promoting 
technical excellence and commercial effectiveness in all air tightness testing and air 
leakage measurement applications. A revision to the standard was published in July
200741.
Research indicates a need for, the intention to reduce dwelling infiltrations rates as 
much as possible, in an attempt to save energy, to be coupled with the installation of 
appropriate ventilation systems. These systems then in turn need to be capable of 
providing the necessary ventilation required to maintain adequate IAQ. A case study in 
Poland involving a ground floor and top floor apartment of a three storey block found, 
through field trials and computer simulations of natural air flow, that as infiltration rates 
were reduced the ventilation within the apartment became inadequate and carbon 
dioxide concentrations were predicted in excess of 3000 ppm. The study concluded that 
additional natural ventilation devices should be installed if airtightness was improved. It
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was further suggested that these devises should be automated to sense CO2 and/or 
humidity in order to control the rate of airflow according to demand42.
A field study and telephone survey was conducted by University College London 
(UCL) into the impact of replacement window on air infiltration and moisture problems 
in UK dwellings. The results of the field study, published in 2005, suggest that the 
installation of replacement windows in UK dwellings significantly reduced background 
infiltration rates. The results from the telephone survey however, suggested that the 
installation of tight, well sealed replacement windows did not appear to cause any 
significant increase in IAQ problems, as perceived by the occupants. It was concluded 
from the study that the installation of suitable trickle vents in replacement windows 
could be beneficial, whereas the results of the telephone survey suggest that window 
replacement is not resulting in increased moisture problems, this was interpreted as 
occupants ventilating their homes adequately for their moisture production rates43.
The purpose of ventilation is to provide acceptable IAQ for the building occupants. Not 
only must the occupants find the indoor air acceptable but they must find the system 
that they have to interact with suitable. Thus it is important to consider wide variations 
of occupant-related issues when developing minimum requirements44.
It could be argued that the main object of a building either commercial or residential is 
to provide an environment which is acceptable to the buildings users. Whether or not 
the indoor climate is then acceptable to the occupants depends upon the task or tasks 
that will be performed within the space and how the occupants interact with the system 
installed.
2.7 Occupant Interaction
In order for systems to operate efficiently and provide the required ventilation rate to a 
space the system needs to be operated correctly. The information provided by the 
Chartered Institute of Building Services Engineers (CIBSE) advises that occupants 
should be informed of the purpose and intended operation of the installed ventilation 
system, in order to avoid problems occurring in the future due to either misuse or none 
use of the systems12.
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A large study in the United States compared different ventilation systems, being 
installed in US dwellings, and examined if occupants were suitably aware of how to 
operate those systems. The study considered the impact of occupants’ interaction with 
various systems and investigated the effect this had upon the IAQ of the dwelling. The 
findings indicated that occupants could be relied upon to make adjustments to their 
micro environment based on their own comfort needs; however comfort and appropriate 
IAQ are not always the same. For example bringing in cold air from outside may make 
the environment uncomfortable. Dwellings relying on natural ventilation could 
experience under ventilation due to outside conditions being an overriding factor. These 
conditions include noise, dust, rain or security issues, which would deter occupants 
from opening windows or ventilators. The study also concluded that when written 
instructions for the ventilation system were provided, new home owners would be 
preoccupied with other necessary activities and not have the time to read the 
information provided and as a consequence they did not fully appreciate how the system 
worked. The study indicated there was inconclusive evidence to support the 
effectiveness of the ventilation systems to meet performance standard requirements 
when occupant behaviour was factored in. The question still remains whether occupants 
should be responsible and consequently made aware of the correct methods of operating 
the system (passive or mechanical) installed in their home or should the systems be 
robust to the users’ control? 45
The AIVC has published several papers addressing this subject over recent years. The 
findings are from large studies incorporating results from different countries including 
main land Europe, UK, USA and New Zealand and are present as either full studies 
referred to by Annex numbers or Technical notes. A summary of Annex V I11 (1988) 
‘Inhabitant Behaviour with Respect to Ventilation’ was published as a Technical Note 
AIVC 23. The main objectives of this annex were to assess whether, and how occupant 
behaviour with regard to ventilation could be modified in order to save energy, whilst at 
the same time taking into account the conflicting requirements of energy conservation 
and adequate IAQ. The study was conducted by the University of Namur in Belgium 
and included results from Germany, Switzerland, The Netherlands and the UK. 
Primarily these investigations concentrated on occupant interaction with window 
openings and the requirement for ‘fresh’ air in dwellings. Variations of results were 
presented from the different countries involved due to differing weather patterns, which 
amongst other things included the wind velocity and solar radiation. A variation in the 
materials used in room construction, family life styles and other overlapping
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motivational factors were also noted. However a direct linear correlation between 
window use and temperature was presented, which agreed with results describing 
window use throughout the year. The longest window opening times were in August 
and the shortest in January/ February. The study found, through in depth interviews and 
enquires, that occupants opened their windows for the following reasons:
• To provide fresh air to the living spaces (bedrooms & living rooms)
• Eliminate odours
• Eliminate condensation and replace stale air
• Provide ‘fresh’ outside air during domestic activities.
Interestingly the report did not comment on the occupants’ perception of fresh air. There 
was also no reference made to occupants using window opening to influence the 
internal temperature of the dwelling in respect of cooling. For example: to cool down 
the dwelling in the evening during periods of high daily temperatures.
It was also found that windows were closed due to:
• Saving Energy
• Outside noise
• The need for privacy or safety
• Adverse climatic conditions
• The need to maintain a preferred indoor temperature
• The need to avoid draughts
The study attempted to relate the number of occupants within the dwelling to window 
use yet no clear trend was identified. The UK team (BRE) did however analyse what 
influence, if any, the number of people per house would have on the duration or 
frequency of window opening patterns by creating a variable representing the number of 
rooms per person for each household. They discovered that the more rooms per person 
in the dwelling the less often the windows were opened, but when they were opened 
they remained open for longer.
The overall investigation found evidence that window opening was twice as frequent in 
homes occupied by smokers compared to dwellings occupied by non smokers. An 
explanation was also offered due to the findings, of the difficulties in establishing why 
some inhabitants would adopt an energy saving strategy, while others do not. It was
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suggested that people’s different geographical origins may result in inadequate 
ventilation during varying climatic conditions. An observation was made that occupants 
disliking cold temperatures would open widows for the reasons mentioned above whilst 
at the same time increase the heating requirement of the dwelling to maintain a 
comfortable indoor temperature were as others, used to colder temperatures, may not.
The report did conclude that it was surprised that the ‘socio-economic’ variables had not 
given more significant results and that more research was needed into this aspect of 
ventilation and occupant behaviour research46.
A study conducted at UCL highlighted the significant differences between lifestyles and 
occupancy patterns of the elderly compared to other sectors of the population and due to 
increased longevity and improvements in healthcare the retired population was on the 
increase13. Interestingly the studies carried out in 1988 found that, the older people were 
the less they seemed to ventilate which is contradictory to current thinking by the 
charity concern ‘Help the Aged’ who, at a recent seminar, indicated approximately 50% 
of ‘old’ people ventilate bedrooms at night. It could be suggested that the habits of a 
senior generation of today are the habits of a younger generation from 1988.
The UCL study concentrated on moisture production rates and drew attention to the fact 
that varying life styles, for whatever reason, would impact on the amount of moisture 
production within dwellings. The study also commented on the number of increasing 
diverse ranges of ethnic groups living in the UK with varying life styles and traditions
13which would ultimately impact on the way in which they used their homes . The 
findings from the AIVC study would suggest a diversity of cultures as represented in 
the UK may have an effect on the resulted IAQ found in UK dwellings. People’s 
original geographical location and habits could play a large part in the way ventilation 
systems are used45.
The findings of Annex V I11 were revisited in conjunction with several other studies 
including a large investigation of 10,000 French households. The French study included 
the occupant use of trickle ventilators and grilles as well as windows and the results 
indicated that dwellings constructed prior to 1982, 13% of occupants reported they had 
sealed up all or some of the trickle vents/grilles whereas this figure was reduced to 7% 
or less for houses constructed subsequently17. The Dutch contribution to the Annex 
V I11 project also observed and recorded the use of trickle ventilators and grilles and
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found that generally they were left open. In the UK the recent BRE study briefly 
touched on occupants’ lack of knowledge regarding trickle ventilators and found in the 
majority of homes the ventilators were all closed. The study concluded that:
  The amount o f use o f trickle vents had no statistically significant effect on
ventilation rates in winter, although homes with the lowest ventilation rates had 
18trickle vents closed. ’
Annex V 111 concluded that although the dwellings were subjected to a wide range of 
occupancy patterns and pollutant emissions it was still possible to identify some general 
commonalities. These included 24 hour per day occupancy with full occupancy at night 
and moisture generation from cooking, clothes washing and bathing. Often it was 
evident that supply air was required for fossil fuel heating appliances and a presence of 
un-vented combustion products from gas cooking appliances with tobacco smoke being 
observed as significant in a number of households. Fig 2-8 highlights the decline in the 
adult smokers’ population since the publication of the Annex V I11 in 1988. The latest 
figures for 2005 show that around a quarter (24%) of the British population aged 16 and 
over smoke cigarettes compared to approximately 35% in the late 1980’s47. This figure 
may well decrease again in 2007, due to the smoking ban in public areas introduced by 
the Government which took effect from 1st July 2007, encouraging a greater number to 
stop smoking altogether. It is suggested that occupant controlled ventilation is heavily 
related to window opening then the reduction in smoking could be the large factor 
reducing building ventilation heat loss in the future.
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Figure 6.1: Percentage of persons aged 16 and over, who smoke cigarettes, Great
Britain, 1948-2005
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Figure 2-8: Percentage of Adult Population who smoke in the UK 1948-20054
Almost 20 years ago in 1986 the AIVC (previously named AIC) held their 7th 
conference entitled: ‘Occupant Interaction with Ventilation Systems*. The conference 
attracted many Papers which were subsequently published via the AIVC. In reviewing 
these papers it was concluded that although much research was done into the subject 
area o f Occupants use o f ventilation systems little has actually changed or improved 
over two decades. Comments at the time indicated there would be no solution to 
ventilation problems as they were perceived, in terms o f condensation effects, building 
airtightness, air change rates, indoor air pollution sources and pollution levels, 
(expectations o f the 2 1st century remain the same), unless compatibility with user habits 
and comfort were properly taken into account, as part o f the ventilation strategy adopt 
for dwellings. The importance o f considering the conditions w ithin the dwelling as well 
as the pure functional requirements o f pollutant removal and economy were 
emphasised. The general requirement o f a ventilation system to have ‘user 
compatibility’ had been broadly neglected to date was suggested by the study. It was 
also concluded that due to many new construction standards introduced in the 1980's in 
many European countries and restrictive ventilation habits o f occupants, as a 
consequence o f energy conservation efforts, natural ventilation rates in buildings were 
reducing. In some cases the natural ventilation rates were below sufficient levels to 
ensure removal o f pollutants and water vapour. As a consequence mechanical 
ventilation systems were found to be widespread in many o f countries. The findings 
from the study indicated that occupants comfort and acceptance was not being
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considered during the design of any type of ventilation system either natural or 
mechanical48.
Another Paper was also presented at the conference which discussed how the actual air 
change rates in 25 monitored dwellings were influenced by the occupants’ behaviour. 
The results from the field study showed that there were large variations in the air change 
rates from dwelling to dwelling. It was not possible to attribute this to either the number 
of occupants in the dwelling or differences in the airtightness of the dwellings and due 
to the limited number and variety of dwellings monitored it was concluded that it was 
not possible to offer an explanation. The results identified that on average the air change 
rates within bedrooms were generally found to be higher than in the living rooms in the 
naturally ventilated properties. The conclusions drawn from the study indicated that 
although occupants’ behaviour played a large part on the total air change rate the 
possibilities of regulating the air change in Danish dwellings was limited due to 
restrictions imposed by the systems installed especially mechanical systems which 
generally gave a larger air change rate than was required, even at the lowest setting. In 
naturally ventilated homes the presence of small ventilation openings strategically 
positioned within the dwelling to enhance the stack effect as an alternative to opening 
windows or doors were rare49.
It was also reported at the conference that most problems with indoor climate issues 
were not the result of unusual behaviour by the occupants but more likely the inability 
of the ventilation system to meet the requirements of the occupants. The investigation 
included a combination of verbal interviews, inhabitant diaries and technical 
measurements for 279 households in Holland and recommended that because 
behavioural factors cannot be influenced directly better technological solutions should 
be recommended. Ventilation systems should be adapted to the needs of the occupants 
rather than visa versa addressing cost and energy issues no matter how well intended 
that maybe50.
In contrast a Paper was presented at the conference which described work carried out at 
Princeton University in America. The study measured occupant ventilation behaviour in 
an attempt to modify behaviour through feedback provided from the research. The 
results of the investigation identified that energy use within dwellings could vary by at 
least a factor of two solely on how the occupants operated their homes and this was 
primarily centred on how windows and doors were operated. The Princeton team
46
concluded that occupants and their behaviour played a major role in the energy used in 
their dwellings. The resultant ventilation rates achieved were influenced by the way in 
which the occupants ran their homes. The conclusions drawn from the study indicated 
the need for inhabitants to be more informed on how to run their homes and in 
particularly the mechanical ventilation systems. The results indicated that home owners 
need to be ‘informed’ when ambient temperature were conducive to employ natural 
ventilation in preference to mechanical in order to conserve energy51.
Research carried out in Germany agreed with the team from Princeton. The results of 
this investigation showed that the ventilation behaviour appeared to be dominated by 
traditional behaviour patterns. The findings illustrated there was only a modest 
correlation between window opening and the need for indoor air quality and energy 
conservation. The conclusions presented in the Paper indicated that most of the 
inhabitants of the dwellings observed did not correctly asses their own window opening 
habits regardless of what type of ventilation systems was installed. It was proposed that 
this could be due to a lack of information or motivation . User friendly ventilation 
systems for both residential and office buildings were the subject of another paper 
presented at the conference. The evidence from this study also demonstrated there was a 
lack of information for home owners when it came to ventilation systems installed in 
their homes. The Paper discussed how individuals should be in control of their own 
environments and how this was not being employed because of a lack of information, 
but also because builders paid more attention to construction than use or operation of 
buildings53.
Research shows that occupants feel more comfortable when they have control over their 
environment. It is therefore important that the inhabitants of dwellings have some level 
of control over the ventilation systems provided in their homes, if they are going to 
operate them efficiently and successfully. In a study carried out in America by the 
Lawrence Berkeley National Laboratory it was suggested that because in general 
occupants are not trained to sense IAQ and ventilation needs, it is the responsibility of 
the ventilation system designers to provide systems which run simply, automatically 
and unobtrusively. The study recommends that occupant issues with respect to the 
ventilation systems should be addressed before requirements are finalised54.
A post-occupancy evaluation (PoE) case study was carried in 2005 by Cambridge 
University. The study investigated how well occupants of a high-quality, low-cost
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Housing scheme in Central London coped with balancing both natural ventilation and 
mechanical systems to achieve thermal comfort energy efficiently. The study found that 
the predicted theoretical balance had not been achieved and that the energy consumption 
could possibly be worse than for natural ventilation alone. A misunderstanding on the 
part of residents as to how a MVHR system worked was discovered to be the overriding 
factor. The study concluded that designers should recognise the significance of occupant 
behaviour as the cause for the difference between predicted and actual performance of 
residential ventilation systems. As long as the design and modelling of these systems do 
not fully respond to user perception, the problem will persist55.
A field study in Germany which investigated sixty forced ventilation systems with heat 
recovery in dwellings found that the system performed as expected. However, the report 
stated that the performance of the system would be inhibited if the building and/or the 
forced ventilation systems were not designed to high standards, or installed as per 
manufacturers’ recommendations. Also, if the system was not used correctly by the 
occupants and the heat recovery element not given priority, the energy consumption 
could be even higher than in buildings without a forced ventilation system and the IAQ 
within the dwelling could be compromised29.
It was apparent from the Papers reviewed for this section, the effects of occupant 
interaction with the ventilation systems fitted in their homes, whether natural or 
mechanical, was generally unknown in terms of IAQ and energy efficiency. Over the 
years many investigation had been carried out but the findings were inconclusive due to 
varying lifestyles of the inhabitants and individual requirements. Some studies 
suggested intelligent systems should be developed to monitor IAQ and to automatically 
adjust the ventilation rate as required. Others suggested occupants prefer to control their 
own environment but require more information on how and when to run the installed 
system more effectively and efficiently.
2.8 Indoor Air Quality
In approximately 1850 indoor air was high on the agenda as part of the hygienic 
revolution and considered to be a major environmental factor affecting health. In the 
developed world today there is a range of opinions on the importance of Indoor Air 
Quality (IAQ), some more extreme than others. It has been suggested that some cancers,
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allergies, airway infections and other hypersensitivity reactions can be attributed to 
inadequate IAQ, although the evidence is inconclusive. Numerous research papers 
indicate people spend a considerable amount of time in buildings with estimates varying 
up to 90%. Studies have shown that half of the body’s intake of air during a lifetime is 
air inhaled in the home suggesting that more emphasis must be given to IAQ and health 
issues within dwellings56
The process of ventilation changes the air in an internal space in order to remove 
pollutants, replacing stale air with ‘fresh air’. Recommended ventilation levels are 
commonly set to control the dominant pollutant within the space as this is the pollutant 
requiring the maximum level of ventilation. By diluting this dominant pollutant to an 
acceptable concentration all other pollutants within the space should remain below their 
respective threshold concentrations16.
Two independent studies suggest that the removal of pollution at source, within the 
indoor environment, improved the quality of the air (as perceived by the building 
occupants) in the same way as increasing the fresh air rate. Both reports recommended 
appropriate measures to minimise exposure arguing that it would be beneficial to design 
the environment within and around the building, to control pollution removal for less 
indoor and external pollutants, than to look at increasing ventilation rates, which would 
in turn lead to an increase in energy57*58. In 1996 the Institute of Environmental Health 
in the UK published its findings on ‘Indoor Air Quality in Homes’ and although the 
findings were not conclusive, the report highlighted the potential hazards of indoor 
pollutants59.
An extensive body of literature exists which attempts to investigate relationships 
between ventilation and health related problems associated with IAQ. A recent study 
reviewed evidence linking ventilation rates and respiratory health and concluded that a 
direct association between the two was not apparent from the data examined. The 
investigation looked closely at the evidence available and commented on the different 
types of studies undertaken. Ventilation is generally studied from a ‘technical’ view 
point with air and disease from a ‘medical’ perspective. Marrying the two together in 
order to draw conclusions was difficult. The study indicated a lack of research available 
depicting any relationship between domestic ventilation and occupants’ health. Health 
studies, in general, require large occupant samples which are not currently available, 
due to difficulties in conducting ventilation measurements within dwellings. The Paper
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commented that more studies had been conducted addressing IAQ and health within 
commercial or public buildings than the domestic sector due in-part to the fact that 
health and safety legislation places a requirement on commercial buildings to control 
IAQ which does not occur in owner occupied dwellings60.
In September 2007 three separate medical Papers were published which suggested links 
existed between indoor climate conditions, in particular the presence of mould growth 
within dwellings, and reported cases of asthma. The Cardiff University School of 
Medicine reported that there was evidence to show that Asthma sufferers who removed 
mould from their homes showed an improvement in their symptoms61
Another study from Germany suggested that climate may affect the prevalence of 
asthma and atopic eczema in children62. A third study was a New Zealand investigation, 
which studied 1350 poorly heated and insulated homes with visible signs of damp and 
mould. The study found that minimal improvements to the dwellings reduced the signs 
of mould and also improved the self rated health of the occupants .
An earlier pilot study carried out in Canada found that the general and respiratory health 
of occupants improved during the first year of inhabiting an airtight home with an 
MVHR system compared to occupants of new homes built to the then current Canadian 
preset standards. However, the Paper highlighted the importance of correct installation 
and maintenance of the MVHR system. The conclusion drawn recommended an 
extension of the study be carried out to determine the repeatability of the findings64.
IAQ is a complicated issue encompassing a combination of perceived quality based on 
building occupants feelings of comfort and actual quality measured in terms of pollution 
levels. Research shows occupants perception of IAQ can vary greatly and is not always 
consistent. A recent study carried out by the BRE aimed to demonstrate that energy 
efficient buildings could be both healthy, and comfortable for their occupants. Building 
checklists and occupant questionnaires, plus a detailed field study were used to 
investigate a small number of homes and office buildings In order to evaluate through 
measurement, indoor environmental quality (including ventilation). The study found 
that occupant health and comfort within the dwellings was not consistent with physical 
environmental measurements, unlike the results from the office based study. This 
indicated that perceived health and comfort within dwellings was based on more than
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the physical parameters and therefore could not be fully explained by the 
measurements65.
Much of the research carried out by Prof. Ole Fanger on occupants’ perceptions of their 
micro climate, concentrated on IAQ issues within office buildings. In 2002 he joined a 
team of multidisciplinary scientist to review scientific literature on the effects of 
ventilation on health, comfort and productivity in non-industrial environments which 
included dwellings. The conclusions drawn from the investigation indicated ventilation 
was strongly associated with comfort (perceived as air quality) and health in terms of 
sick building syndrome (SBS) symptoms. These symptoms included; inflammation, 
infections, asthma, allergy and short term sick leave. The group agreed that increasing 
outdoor air supply rates in non-industrial environments improves the perceived air 
quality. For dwellings it was concluded that ventilation above 0.5 air changes per hour 
reduced the infestation of house dust mites in Nordic countries. The conclusions drawn 
suggested that existing guidelines and standards were possibly too low to protect 
occupants from health and comfort problems. The study also suggested that additional 
energy costs associated with increasing ventilation rates could be reduced if the 
pollution loads on indoor air were lowered. It was recommended that this could be 
achieved through active maintenance of heating/ventilation/air-conditioning (HVAC) 
systems as well as reducing superfluous pollution sources indoors. A recommendation 
for ‘source control’ and the need for innovative ways of conditioning the air were 
recommended66.
Fanger, best known for his work relating to thermal comfort, proposed new sensory 
units for perceived indoor air quality, analogous to the corresponding units for light and 
sound67. The units are now used as quality indicators in some European standards for 
ventilation requirements, although this approach did receive wide criticism68&69 .
The recommended ventilation rates at the beginning of the last century were far higher 
than they are today (15 1/s per person) in the United States. This was attributed to the 
energy crisis in the 1970 when issues of IAQ were set aside in favour of energy 
efficiency. The trend encouraged tighter buildings and a reduction in recommended 
ventilation levels as low as 2.5 1/s per person in the US. In the 1990s, it became an 
acceptable risk that a reduction in ventilation requirements would inevitably result in a 
worsening of IAQ for buildings both in Europe and the US70.
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Energy efficiency is still high on the agenda and is going to increase, as a result of 
trying to achieve climate change targets and oil production declines in relation to energy 
demand. At the same time there is also an increased amount of research data emerging, 
highlighting the need for adequate ventilation provision within buildings to sustain a 
healthy indoor environment for the occupants.
In 2002 it was reported that the ventilation rates achieved within the existing domestic 
sector for Europe and US were generally by the most basic natural means. The use of 
mechanical supply and treatment systems were uncommon except in Scandinavia and 
France, where 75% of new houses were equipped with these devices as a result of 
general concerns about the effects of air quality on health71.Standards currently 
recommended within the industrial world (although not consistent with each other) give 
guidance on minimal ventilation requirements, to maintain a healthy indoor 
environment. The most common approach to controlling IAQ is to replace or dilute 
indoor air with ‘fresh’ air from outside the building. The method used to achieve this is 
either through passive means i.e. ‘natural’ ventilation or active means i.e. ‘mechanical’ 
ventilation. However, although standards and regulation exist it does not mean an 
appropriate air flow through the dwelling /building is achieved. This was highlighted in 
a summary of a larger report by the European Collaborative Action (ECA) "Indoor Air 
Quality & its Impact on Man" (2003). The original report was compiled to provide 
information and advice on achieving a balance between good indoor air quality and 
energy efficiency. The summary published in 2005 brought attention to the fact that in 
both Belgian and Scandinavian dwellings, although ventilated very differently, the 
recommended appropriate air flow rates were not achieved as predicated. In the Flemish 
dwellings the toilets were over ventilated and the bathrooms under ventilated. The 
Scandinavian dwellings were also found to have substantial under ventilation in parts of 
the dwelling72.
Different types of mechanical systems have been investigated in the past such as Carbon 
dioxide-controlled mechanical ventilation systems. These types of systems can be an 
effective and energy conscious method of providing adequate ventilation being used 
only when a space was occupied. Only certain types of buildings are appropriate for this 
type of application, but it does suggest ways of reducing the amount of ventilation 
normally required. Research in the early nineties investigated mechanical ventilation 
systems controlled by CO2 concentrations and published results to show this to be an 
effective and energy conscious method of providing adequate ventilation. A recent
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study in India also found CO2 based demand control ventilation (DCV), could provide 
an energy efficient method for meeting ventilation needs while maintaining good IAQ, 
in conditioned spaces when occupancy levels varied73
In 2007 the results of a study which investigated the possible benefits of automatic 
ventilation control of trickle ventilators in UK dwellings was published. The study 
under took to examine the theoretical performances of two types of ventilator: a 
pressure controlled device and humidity controlled device. Field trials were conducted 
in an instrumented test house under controlled condition. Computer simulation methods 
were also used to test the performance of ventilators and to assess theoretically the 
potential for automatically controlled ventilators. The pressure controlled ventilator was 
tested to reduce the occurrence of over ventilation in dwellings, and the humidity 
controlled ventilators to reduce the occurrence of excess humidity, without increasing 
ventilation rates. The results of the study indicated both types of controlled ventilators 
would have potential benefits when installed in dwellings. However, the practical 
implication of producing or manufacturing these ventilators was unknown74.
2.8.1 Outdoor Pollutants
The quality of the air within the enclosed space is directly influenced by the levels of 
external pollution due to the continuous exchange of air, entering from the outside. It is 
reasonable to assume therefore, that all the contaminants of outdoor air would be 
present at the same level indoors. However the levels experienced indoors can be lower 
than recorded outside and at the kerbside, because many of the pollutants are not inert 
and therefore can react with the building materials. The origins of these outdoor 
pollutants are mainly from motor vehicles, factory emissions and other combustion 
processes according to the results of a large study carried out in the US in 2003. The 
report suggests that modifications to ventilation systems such as roof top inlet grilles 
should be introduced to minimize the ingression of pollutants which would reduce the 
level of concentration inside the building 54. Different studies have shown that the 
position of inlet air ducts play an important role if the inlet air is to be as clean as 
possible. High levels of ambient air pollutants in some inner-city sites can inhibit 
development. Projects like NatVent (2000) and the Bedzed (2002) residential 
developments in south London have offered alternative solution to counteract the 
negative effects of outdoor pollution on the indoor environment. The projects found 
sealing the building fa$ade adjacent to the pollution source, possible a busy road, to be
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effective. The success of this strategy depended upon the design of the building/s or 
dwellings to have the ventilation air inlet ducts on the opposite side of the building to 
the pollution source and to be positioned as high as possible. It was also recommended 
that a landscape area of vegetation be provided on the same side of the building as the 
proposed air inlets. Mixed reviews were received regarding the level of success for the 
Bedzed project in terms of ‘acceptable’ indoor air quality experienced by the residence. 
The results from the NatVent project showed that the indoor air quality within the 
buildings had not been compromised by positioning the development in close proximity 
to a very busy road75&76.
The array of outdoor pollutants is extensive including: carbon monoxide, oxides of 
nitrogen, oxides of sulphur, particulate matter, ozone (other photochemical oxidants) 
and lead. These gases and particles which make up air pollution are harmful to humans 
when they accumulate in high enough concentrations. Ones which form smog and toxic 
compounds remain in the environment for long periods of time and are carried by the 
winds hundreds of miles from their origin. Long-term exposure to air pollution can 
cause cancer and long-term damage to the immune, neurological, reproductive, and 
respiratory systems. Research in the USA found a consistent correlation between 
particulate levels and death rates, as levels of particulates rose, so did death rates. These 
findings were translated into what was known about particulate levels in UK cities in 
the late 1990’s. From this translation, it was estimated that particulates could be 
responsible for causing over 10,000 premature deaths every year in the UK77. Table 2-4 
details a description of some of the major outdoor airborne pollutants and highlights the 
potential health hazardous.
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Carbon monoxide, (CO), is a 
colourless, odourless gas formed when 
carbon in fuel is not completely burned 
and is a component of motor vehicle 
exhaust. Other sources of CO 
emissions include industrial processes 
(such as metals processing and chemical 
manufacturing), residential wood 
burning, and natural sources such as 
forest fires. During winter months the 
earth is cooler than the air above 
causing die pollution to be trapped 
resulting in levels of CO to build up in 
the air because it cannot rise and 
disperse.
Harmful to healthy 
people when 
concentration levels in 
the air are high.
Reduces oxygen delivery 
to the body’s organs (like 












Nitrogen oxides, (NOx), a generic term 
for a group of highly reactive gases, all 
of which contain nitrogen and oxygen in 
varying amounts. Many of the nitrogen 
oxides are colourless and odourless. 
However, one common pollutant, 
nitrogen dioxide (N 02) along with 
particles in the air can often be seen as a 
reddish-brown layer over many urban 
areas. Nitrogen oxides form when fuel 
is burned at high temperatures 
(combustion process). The primary 
manmade sources of NOx are motor 
vehicles and other industrial, 
commercial, and residential sources that 
bum fuels. NOx can also be formed 
naturally.
One of the main ingredients 
involved in the formation of 
ground-level ozone, which 
can trigger serious 
respiratory problems.
Reacts with moisture 
amongst other compounds 
to form nitrate particles, 
acid aerosols, as well as 
N 02, which can also cause 
respiratory problems.
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Sulphur dioxide, (S02), belongs to the 
family of sulphur oxide gases 
(SOx). These gases are formed when 
fuel containing sulphur, such as coal 
and oil, is burned, and when petrol is 
extracted from oil or metals are 
extracted from ore. S02 dissolves in 
water vapour to form acid, which 
interacts with other gases and particles 
in the air to form sulphates and other 
products. Electric utilities, especially 
those that bum coal release S02 into the 
air. Other sources of
S02 are industrial facilities that 
derive their products from raw 
materials like metallic ore, 
coal, and crude oil, or that bum 
coal or oil to produce heat for 
manufacturing processes.
Gaseous S02 when at peak 
levels in the air can cause 
temporary breathing 
difficulty for people with 
asthma. Longer-term 
exposures to high levels of 
S 02 gas and particles cause 
respiratory illness and 
aggravate existing heart and 
lung disease. Children and 
the elderly become more 
susceptible to respiratory 
illness when exposed to low 
levels of S02 gas and 
particles. S02 reacts with 
other chemicals in the air to 
form tiny sulphate 
particles. When breathed in 
these particles collect in the 
lungs and can be associated 
with increased respiratory 
symptoms and disease, 












Particulate Matter (PM) is the term 
used when referring to particles found 
in the air, these include dust, dirt, soot, 
smoke, and liquid droplets. These 
particles can exist in the air for long 
periods of time. With some being large 
or dark enough to be seen such as soot 
or smoke. Others are so tiny they can 
only be detected individually with an 
electron microscope. Some particles are 
directly emitted into the air and come 
from a variety of sources for example: 
cars, trucks, buses, factories, 
construction sites and burning of wood. 
Others form due to the chemical change 
of the gases and are also found in air. 
They are indirectly formed when gases 
from burning fuels react with sunlight 
and water vapour. These can result 
from fuel combustion in motor vehicles, 
at power plants, and in other industrial 
processes
Particulate Matter causes a 
wide variety of health 
impacts. Many scientific 
studies have linked 
breathing PM to a series of 
significant health problems, 
including: aggravated 
asthma, increases in 
respiratory symptoms like 
coughing and difficult or 
painful breathing, chronic 
bronchitis, decreased lung 
function, premature death.
Ozone (0 3) is a gas composed of three 
oxygen atoms which is not usually 
emitted directly into the air, but at 
ground level created by a chemical 
reaction between oxides of nitrogen 
(NO,) and volatile organic compounds 
(VOC) in the presence of sunlight. 
(VOC + NOx + Sunlight -  Ozone) 
Sunlight and hot weather causes 
ground-level ozone to form in harmful 
concentrations in the air.
Ground-level ozone even at 
low levels can trigger a 
variety of health problems 
including aggravated 
asthma, reduced lung 
capacity, and increased 
susceptibility to respiratory 
illnesses like pneumonia 
and bronchitis. Repeated 
exposure to ozone pollution 
for several months may 






Lead is a metal found naturally in the 
environment as well as in manufactured 
products. The major source of lead 
emissions was historically from motor 
vehicles (cars and trucks) and industrial 
sources. Due to the phase out of leaded 
petrol, metals processing is the major 
source of lead emissions to the air 
today. The highest levels of lead in the 
air are generally found near lead 
smelters. Other stationary sources are 
waste incinerators, utilities, and lead- 
acid battery manufacturers
Humans are exposed to 
lead through breathing and 
ingesting it in food, water, 
soil, or dust. Lead 
accumulates in the blood, 
bones, muscles, and fat. 
Infants and young children 
are especially sensitive to 
even low levels. It can 
cause damage to kidneys, 
liver, brain and nerves plus 
other organs. Lead affects 
the heart and blood causing 
high blood pressure and 
increases heart disease, 
especially in men. Lead 
exposure may also lead to 




Table 2-4: Outdoor Pollutants79
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Due to the poor quality of ambient air and the impact it has on human health, it has been 
suggested that the emphasis should be to design and operate energy efficient mechanical 
ventilation systems. More air tight buildings should be constructed to limit the ingress 
of outdoor pollution providing a better indoor air quality54. This study does not mention 
however that mechanical systems would only be effective at preventing the ingress of 
outdoor pollutants if they were fitted with expensive ‘carbon filters’. Nor does the 
report take account of the energy penalty incurred through the use of mechanical 
systems57.
2.8.2 Indoor Pollutants
Trends in the construction industry to achieve increased air tightness in order to reduce 
energy use while at the same time increasing the use of modem synthetic materials have 
increased the levels of some indoor pollutants and it has become evident that indoor air 
contaminants could emanate from a range of sources within the building as well as 
being drawn in from outside79. A study in Belgium found that levels of VOC in homes 
in the city of Mechelen to be 1.5 to 2.5 times the values measured at corresponding 
outdoor sites and 55% of the VOC concentrations found indoors had originated indoors 
and not infiltrated in ffom outside80.
A large number of pollutants can be present within a dwelling and many have unknown 
toxicological effects. Some internally generated airborne pollutants can be tolerated by 
the occupants at low concentrations while others are extremely toxic and are categorised 
as follows:
• those formed through combustion processes for heating and cooking
(non-toxic at low levels, from un-vented gas appliances)
• those related to human activities
(non-toxic: metabolic, moisture, cigarette smoke,)
• those derived from construction materials and furnishings
(Toxic- VOC’s emitted ffom furnishings, fabric and household chemical products)
The concentrations of contaminants in the first two categories tend to vary with time 
where as the concentration levels of the third category or more constant and are linked 
to the air change rate within the space17*81. Table 2-5 details the Ventilation rates
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recommended to control pollutants within dwellings as derived from the Building 
Regulations Approved Document F (2006)82.
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Radon is also a problem in some areas o f the UK as it can seep into a dwelling through 
the ground floor. This naturally occurring gas is found in regions where soil and rock 
are high in uranium. Regulation standards are becoming increasingly more stringent 
regarding developments on this type o f site8j&84. Ventilation strategies to control this 
source o f  pollution are different from other internally generated pollutants as radon is 
sucked into the building from underneath.
Occupant comfort studies have shown that a change in air appears to satisfy the feeling 
o f comfort in the occupants and is probably due to the effects o f  enthalpy (cold air feels 
fresher than warm humid/damp air even if  the cold dry air is heavily polluted). 
Therefore, some pollutants can go unnoticed having a detrimental effect upon the health 
o f the occupants unless diluted and expelled through ventilation8". CO2 is a normal 
constituent o f  air; it is produced as a by-product when energy is released either through 
combustion or metabolism. CO2 in air is non-toxic, but a build-up is life threatening as 
suffocation occurs when levels reach 5.4%. The air would become noticeably 
unacceptable long before this level was reached as the body requires a constant supply 
o f  oxygen. Exhaled air through respiratory action contains approximately 16% oxygen 
and 4% carbon dioxide whereas fresh air contains approximately 21 % oxygen and 
0.04% carbon dioxide86.
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Indoor air provides the medium, in which pollutants, attributed to creating discomfort 
and poor health propagate. The findings of one report illustrated the importance of sub­
dividing pollutant ingress from outdoors and pollution produced from within the 
buildings because building owners and occupiers have substantially more control over 
indoor pollutants than outdoor ones17. The report does not however develop the 
argument further to address the question ‘who has the right to pollute the air’?
2.9 Modelling Whole House Ventilation
Zonal modelling (room air flow) and multizone modelling techniques are the two 
general types of computer simulation used for the studying of airflow and contaminant 
transport in buildings. Zonal modelling takes a microscopic view of IAQ by applying 
computational fluid dynamic (CFD) program techniques to a room or rooms within a 
building to examine the detailed air flow fields and pollutant concentration distributions 
experienced within a room. The multizone airflow and pollutant transport modelling 
technique takes a macroscopic view of air movement and IAQ by evaluating average 
pollutant concentrations in different zones of a building as the contaminants are 
transported through the building or HVAC system. Each of the methods has their own 
unique strengths and limitations for predicting the adequacy of ventilation rates in a 
building, This type of modelling has been available as a research and analysis tool for 
over 20 years, but as the Programs have become increasing more user friendly and the 
availability of more accessible computing power their popularity in the industrial world 
has grown.
As architects, engineers and building designers rely more heavily on sophisticated 
software simulations to predict the performance of a given indoor environment the 
greater the necessity to establish the validity of these models. Many studies have been 
conducted over the years in an attempt to validate the various software packages 
available. A study dated 2001 carried out in the USA reviewed the validation of 
multizone IAQ modelling of residential size buildings. The study concluded that despite 
the highlighted caveats and concerns detailed in the body of the report a knowledgeable 
user would be able to make reasonable predictions of air change rates and contaminate 
concentrations which do not interact with furniture and fittings for residential-scale 
buildings. However it should be noted that the results would be less accurate for
87moisture concentration .
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The accuracy of simulation tools and IAQ models used to predict airflows, contaminant 
concentrations and thermal comfort of the building occupants are very much dependent 
upon the accuracy of the actual input data applied to the programs by the user. In order 
to generate valid meaningful results the models require a wide range of input data 
including: envelope leakage information, weather data, ventilation system 
characteristics, contaminant source emission rates, sink removal rates, occupant 
schedules and air cleaner removal rates. Although some of this information would be 
available within the library facility of the software package most would be unique to the 
building under analysis. As a result finding appropriate model data can be a repetitive 
and laborious process for the user. In addition some required input data may not be 
readily available and the user will be required to apply appropriate assumption based on 
experience and previous knowledge. The NIST published a report highlighting the 
necessity for developing IAQ Model Input Databases. The report gave details of a 
number of libraries which were developed for use with the CONTAMW software and 
indicated whether the data was required or optional88.
Infiltration may be modelled using software such as CONTAMW. Zonal infiltration 
models are based on an empirical (power law) relationship between the flow and the 
pressure difference across a crack or opening in the building envelope:
Q  = C{A/>}" Equation 6
where:
Q = Flow (m3/s)
C = Flow Coefficient
AP = Pressure difference (Pa)
n - Flow Exponent
If the flow characteristics, the flow coefficient and exponent, of a building element are 
known, either ffom experiment or ffom tabulated values, the air infiltration due to the 
element may be calculated as a function of pressure difference. Such equations can be 
used to directly model the flow through elements when a 50 Pa pressure difference is 
imposed, as during a fan pressurisation test, and the flows induced by wind and 
temperature differences89.
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CONTAMW provides a general approach to handling the variable effects of wind on 
the building envelope. This approach requires the user to provide information related to 
the determination of a local wind pressure coefficient for the building surface. Pressure 
coefficients and the equation for wind pressure on the building surface are given by 
ASHRAE90:
p V ‘P = m H
H ~ f J
2 a
f {0 )  Equation 7
where:
P„ = Wind Pressure (Pa)
P = Air density (kg/m3)
vmet = Reference Wind Speed (m/s)
Ao = Terrain coefficient
a = Terrain exponent
H =Wall height (m)
Href = Reference wind speed height (m)
m = Wind Pressure Profile
e =Relative Wind Angle
Figure 2-9 shows the wind pressure profile for a two storey dwelling. As this data is not 
available within the Software library the user is required to acquire this type of data 










Figure 2-9: Typical Wind Pressure Profile for a two Storey Dwelling
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The stack pressure exerted by cold air entering at low level rising and exiting at high 
level can be approximated using the equation
Ps(L,h) = pg(HmL ~ h ) ~ ^  Equation8 
where:
Ps = Stack pressure (Pa)
g = Acceleration due to gravity (ms'2)
Hnpl ~ Neutral pressure level (m)
T, = Internal temperature °C
T0 = External temperature
CONTAMW can perform transient simulations using hourly weather values but internal 
temperature schedules must be entered into the data input by the operator unlike another 
package: Energy Plus
Energy Plus is a building energy simulation program that builds on the strengths of two 
previous programs: ‘BLAST’ and ‘DOE-2’. It was been written in Fontran 90 with 
structured modular code which is easy to maintain update and extend. As with 
CONTAMW, EnergyPlus also uses the natural ventilation algorithms of COMIS 91. 
EnergyPlus has the added advantage of accurately calculating internal temperatures and 
takes moisture buffering of the building fabric contents into account when predicting 
internal relative humidity92.
This facility of using a transient weather file within the software enables the program to 
assess the ventilation availability or potential as a consequence of the frequency 
distribution of temperature, wind speed and direction. This approach is discussed by 
Fracastoro et al 93.
There are many building energy simulation programs which have been developed over 
the past 50 years. A recent joint project between Universities in the UK and the USA 
provided an up-to-date comparison of twenty major building simulation programs, 
including EnergyPlus. It was concluded from the study that there was no common
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language to describe what each tool could do and this ambiguity between the programs 
would require further investigation. The study also discussed the issues regarding the 
validity and trust associated with the models, and what level of knowledge was required 
by the user. The study found that for some of the programmes researched, including 
EnergyPlus, only a very detailed BESTEST-like procedure would be able to give the 
answer. It was suggested that maybe a way forward, for the future, would be for users of 
the various packages to provide feedback and ratings. It was envisaged that the report 
could be used as a community resource which would be regularly updated and expanded 
as the simulation software matured and grew. The authors’ organisation has already 
initiated this process94. For future users of these packages including EnergyPlus this 
could become a valuable tool.
2.10 Chapter Summary
This chapter has examined the available scientific literature relating to, ventilation, 
infiltration, IAQ and occupant interaction with ventilation system within buildings, 
focusing in particularly on UK dwellings. The theoretical requirements considered 
necessary to achieve health, comfort and energy efficiency in buildings and how in 
practice build tight and ventilate right is achieved compared to theory, has been 
reviewed in-depth. The usability of software modelling to predict ventilation rates has 
also been explored.
The energy used in constructing, occupying and operating buildings accounts for 
approximately 50% of carbon emissions in the UK, 30% of which is used in the 
domestic sector and over half of that is attributed to space heating. As the UK 
Government has committed to achieving a 60% reduction in CO2 emissions by 2050, in 
line with the targets set out in the Kyoto Agreement, energy efficiency and heat losses 
due to ventilation are of particular concern. The complexities of achieving good IAQ 
without compromising energy efficiency within real buildings along with the 
uncertainties of exactly how much energy is lost through ventilation and air infiltration 
were highlighted throughout the review.
The most common approach to controlling IAQ is to replace or dilute the indoor air 
with ‘fresh’ air from outside the building. A change in air appears to satisfy the feeling 
of comfort in the occupants and is probably due to the effects of enthalpy (cold air feels
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fresher than warm humid/damp air even if the coid dry air is heavily polluted). However 
some pollutants can go unnoticed having a detrimental effect upon the health of the 
occupants unless diluted and expelled through ventilation. The effects of indoor and 
outdoor pollutants with respect to IAQ and achieving recommended ventilation rates via 
various systems have been reviewed.
Ventilation strategies and required ventilation rates for dwellings throughout the 
developed world were examined and compared. The results indicated a wide variation 
in how to provide and maintain a healthy indoor environment for the occupants of 
dwellings. A natural ventilation strategy is used predominantly in UK dwellings with 
the whole dwelling ventilation rate being achieved through a mix of uncontrolled 
infiltration plus purpose provided ventilation. Infiltration rates of dwellings throughout 
the industrial world vary dramatically, with Scandinavian dwellings being four times 
less leaky than figures presented for the UK housing stock, where the purpose provided 
ventilation is a combination of background ventilators with intermitted extract fans. The 
fans are normally installed in kitchens and bathrooms to support natural ventilation, and 
to provide rapid extraction of moisture and other pollutants from source.
The review found that data on occupants’ life styles and interaction with the ventilation 
systems, installed in their homes, were primarily concerned with window opening 
schedules in Europe and mechanical systems in the USA and Northern Europe. 
Scientific data for occupant interaction with background ventilators was limited, as was 
the installed performance of background (trickle) ventilators.
The literature reviewed indicated the need to reduce infiltration rates as much as 
possible in an attempt to save energy to be coupled with the correct installation of 
appropriate ventilation systems. These systems then in turn needed to be capable of 
providing the necessary ventilation required to maintain adequate IAQ for the occupants 
of the building. It was deduced from the review that, not only must the occupants find 
the indoor air acceptable but they must find the system that they have to interact with 
suitable. Thus it is important to consider the wide variations of occupant-related issues 
when developing minimum requirements.
The review highlighted the links between ventilation, infiltration, IAQ and energy 
conservation issues, thus reinforcing the need to adopt a holistic approach when 
considering the ventilation requirements of buildings. All these objectives plus the
64
occupants’ interaction with the system should be taken into account to ensure an 
efficient ventilation system is fitted inside an environmentally friendly build, whether it 
is a prestigious city office block or someone’s home.
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The objective of this chapter is to investigate the use of occupant controlled ventilation 
systems in new dwellings. This was undertaken via site observations and structured 
interviews with occupants on a large new housing development in Cambridgeshire.. 
Ambient conditions at the site were also recorded to help determine the effect of the 
micro climate on window opening. The data gathered ffom the questionnaires provided 
an insight into the varying lifestyles and behaviour patterns of the occupants in relation 
to moisture producing activities. The results are tested for statistical significance, and 
where possible used to develop site specific computer software models.
3.1 Methodology
All the dwellings included in this investigation were designed to be naturally ventilated 
assisted by intermitted extract fans in high polluting areas, and therefore the regular 
opening of windows could be considered an essential requirement of the ventilation 
system for adequate Indoor Air Quality (IAQ) to be achieved. However, gathering 
information ffom residents of privately owned dwellings, especially regarding data 
which could be considered as security sensitive, presented a huge challenge. The 
surveillance of window opening patterns therefore, was carried out without the prior 
knowledge of the residents.
The observations were conducted at various time intervals over a twenty four hour 
period, for the duration of one year in order to capture data over a range of ambient 
conditions. The occupants of the dwellings were also interviewed to establish the extent 
of their knowledge about the ventilation system fitted in their home. It was the intention 
that ffom the interviews an insight into the varying life styles and behaviour patterns of 
the occupants, in relation to moisture producing activities would be established.
All of the data gathered was analysed to gain an insight into the effects the ventilation 
habits of the occupants had on conditions such as condensation and mould growth 
within the dwelling Comparisons were made between the use, and non use of the system 
provided, as well as the use of various component parts in unison.
73
3.2 Site Description
The selected site, was a large housing development in rural Cambridgeshire. The site 
was being developed by one of the UK’s largest volume house builders, and was 
selected over other local sites because the mix of house types available was a good 
cross sectional representation of the current UK new build stock.1
3.2.2 Site and Development
The site located to the north of Cambridge stretched over 38.4 acres and developed over 
a period of 5 to 6 years, to provide 504 homes. This study concentrated on the initial 
120 properties constructed in 2003 for private sale. The property types included 2 and 3 
storey town and terraced houses, 2 and 3 storey detached and semi-detached houses as 
well as blocks of flats, 2 and 3 storeys high.
Development started on the site in 2003 and was planned to carry on through to 2008/9. 
Initially the development comprised of 3 Phases with land purchased for further 
construction adjacent to the current site as detailed in the site layout included in 
Appendix 1 -  Section 1. At the onset of the investigation Phases 1 and 2 were already 
completed with Phase 1 being fully occupied; Phase 2 partially occupied and Phase 3 at 
various build stages. The advantage of the development being at various build stages 
was the availability of information from the site sales office as well as the accessibility 
of the site manager to obtain technical details regarding the properties during the 
construction process.
The study focused on Phase 1 for gathering information from observations and occupant 
behaviour through face to face interviews. The information regarding the installation of 
the ventilation systems was gathered from Phase 3 of the development. Details of the 
dwellings designs and floor plans were available from the site sales office as Phase 3 
comprised identical properties to Phases 1 and 2. In addition the show homes were a 




The bespoke housing designs on this development numbered 12 with some additional 
variations to window numbers, styles and position dictated by the orientation and/or 
location of the individual dwelling. The properties were arranged on the site as marked 
on the site plan with each dwelling type identifiable by a code as detailed in Table 3-1. 
Detailed descriptions including floor plans of all the dwelling designs are included in 
Appendix 1 -  Section 1 along with the site plan.
Dwelling Type Storey’s Site Code
Detached- 4 bed 2 ThP, Ths Ed
5 bed 3 Mvs Hx
<D(A Semi -detached - 3 bed 2 Ed,Eb
O 4 bed 3 Cls
Terraced - 2 Rm,WN
3 bed 3 Ss, Nb
1 bed GF Fs,Fal,Fam,F2s
V)'cS 2 bed GF Fs,Fal,Fam,F2s
tu 2 bed FF SF Fs,Fal,Fam,F2s
2 bed FF Mo, At
Table 3-1: House Type codes
The two accessible show homes on the site were:
• End terrace 3 storey town house (The Norbury-Nb)
• 2 bedroom Coach House Apartment (The Ashton-At).
Each dwelling type was studied separately and details of orientation, building height, 
internal room heights and room numbers recorded. Actual internal measurements were 
taken inside the two show homes to verify the information presented in the sales 
literature. The window types for each dwelling were identified and logged individually 
according to room, style, size and available opening area.
3.3.1 Construction
The properties were built in accordance with the building regulations current at the 
time, of construction Building Regulation AD-Part L (2002)2. The properties primarily 
consisted of a brick and block construction with exposed brick work, although the flats 




All the windows on the site were supplied by one manufacturer in a variety of styles and 
sizes. The technical data for each individual window was obtained from the 
manufactures and studied in depth resulting in the identification of 34 window sizes of 
varying styles plus patio doors. All the windows were uPvC double glazed and draught 
stripped in compliance with the minimum requirements of AD-Part L(2002)2. The roof 
lights however where wooden and although produced by the same manufacturer, were 
of a ‘velux style’. Each house type had a varying number of windows and from the 120 
dwellings investigated on Phase 1 a total of 1075 windows were identified. The houses 
were predominately fitted with casement side or top hung open lights and sliding sash 
style windows were favoured for the flats. Details of typical window types installed on 
the site are included in Appendix 1-Section 1.
3.4 Domestic Services- Heating and Ventilation
All the properties on the development were ventilated naturally via a combination of 
purpose provided ventilation, purge ventilation through the use of opening windows, 
and infiltration through the fabric of the building. In compliance with the Building 
Regulation (1995) AD-Part F- Ventilation3; background (trickle) ventilators and 
intermittent extract fans were installed in all the dwellings to provide the purpose 
provided ventilation. The availability of mains gas at the site facilitated the installations 
of energy saving systems for space heating and hot water in the houses. The flats 
however were heated via electric convection heaters with the exception of the coach 
house flats which were supplied with mains gas and fitted with the same space heating 
and hot water system as the houses.
3.4.1 Heating Systems
An energy efficient gas fired combi boiler was fitted to all the houses and the coach 
house flats. The space heating provided via thermostatically controlled radiators to all 
the rooms including the wet rooms and a room thermostat was located in each of the 
properties downstairs hallways. The flats main heating system was via night storage 
heaters in the hallways, with a secondary heat source; an electric fire, in the living room, 
with panel heaters in the bedrooms. A timer controlled heated towel rail was installed in
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all the bathrooms and the hot water supplied via an automatic ‘off peak’ electric 
immersion heater.
3.4.2 Ventilation Systems
The ventilation system installed in all the properties was very basic and relied totally on 
occupant intervention. Opening windows and/or background (trickle) ventilators 
provided the only controllable means of providing ‘fresh’ air to the indoor space. The 
make up air required for the intermittent extract fans was also dependent upon the 
occupant controlled windows and ventilators plus any infiltration through the fabric of 
the building. The number of windows per dwelling type varied considerably as well as 
the size and openable area. The determining factor for window size or quantity within a 
domestic property is architectural design and planning restrictions on style or visa versa. 
Only a small stipulation for rapid ventilation in habitable rooms and sanitary 
accommodation are required through Building Regulations as detailed in Table 3-2 
below. The number of background ventilators found in each room and the number of 








Extract Ventilation Fan Rates or 
Passive Stack (PSV)






4000 mm2 301/s adjacent to a hob or 60 1/s 
elsewhere or PSV
Utility Room Opening 
window no 
minimum size













4000 mm2 If no window 
61/s
Table 3-2: Venti ation Requirements for Habitable Rooms3
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3.5 Observations
A meticulous regime of observing each fa9ade for all the occupied dwellings on the site 
was developed. The task was undertaken over a period of 12 months from March 2006 
to February 2007 and took place at prescribed times of the day and night, under a range 
of varying weather conditions. The results of the observations were categorised over a 
twenty four hour period split into probable ‘occupant activity’ time frames. Single 
observations of the whole site were carried out during each time interval for the one 
year period. Data was collected over the ambient temperature ranges, from 0 deg C to 
up to and including 25 deg C, at 5 degree intervals.
3.5.1 Data Collection
The observations concentrated on the first phase of the development which consisted of 
120 properties. The data was gathered by the observer travelling around the site, 
sometimes on foot, but mostly by car. Prior to each observation details of the weather 
conditions at the site were gathered from two weather stations, one in Cambridge, 10 
miles away and the other in the town, local to the site. Evidence of the ambient 
conditions and the time of the observations were recorded during the investigation as 
well as at the beginning and end. Each surveillance trip took between 1 to 2 hours 
depending upon the quantity of windows recorded. The open windows observed on each 
fa9ade of the dwelling were recorded and photographed for evidence where possible.
All sightings of open windows were initially recorded directly on to copies of the 
developers’ official site plan. Every dwelling was identifiable on the plan and therefore 
it was possible to decipher the correct window and room allocation within a specific 
property. The extent by which the window had been opened was estimated from a 
distance. Each opening light was initially observed as ‘an opening’ and recorded in 
percentage increments as detailed in Table 3-3 below.
Observed Open %
Cracked 5





Table 3-3: Estimated Window Opening
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The raw data collected from each visit was assessed and the estimated window opening 
areas, of each window, evaluated against the overall window opening dimensions 
supplied by the manufacturer. The calculated percentage openings were then recorded 
for each window, observed as open during the site visit. The calculated results were 
logged into Microsoft Excel and a detailed analysis of the information was performed. 
The results of the observations were logged chronologically for further reference along 
with all the details of the window dimensions and calculations.
3.5.2 Observation Results and Analysis
A summary of the results from each observation are detailed in Table 3-4 below. There 
was no record of a weekend observation for the time period 06.00-09.00(15-20°C) or 
midnight-06.00 (>20°C) because over the time span of investigation, neither 
temperature was recorded during that period at a weekend.
Percentage No of Windows Observed Open
W/Day | W/End
Activity Time Temperature Range (Deg C)
<5 >5-10 >10-15 >15-20 >20 <5 >5-10 >10-15 >15-20 >20
Breakfast 06.00-
09.00










0.37 3.07 205 753 7.91 1.58 1 95 3.35 6.14 12.74
Evening 20.00-
Midnight





0.19 0.93 3.53 9 12 16.47 1.49 1.21 3.81 902 X
Table 3-4 : Percentage Number of Windows Recorded Open
Table 3-5 below details a summary of part of the data analysis performed within the 
software Microsoft Excel. The initial results indicated windows were observed to be 
opened more at the week-end than during the week by only a small percent. Generally it 
is understood that window opening patterns are strongly affected by issues of security 
and therefore opened during occupied hours. The many repeated visits to the site 
revealed that most of the residents, left early in the morning and arrived home after 
6.00pm in the evening with a small majority walking young children to the local school 
but not necessarily returning home. This movement of people suggested most of the 
properties were unoccupied during working hours. This could not be validated however
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with any documentary evidence for reasons of privacy and security of the sites 
residence. Additionally the results also indicated a higher percentage of windows were 













Table 3-5: Window Opening Comparisons
Expanding the analysis it was found that a high proportion of windows were observed 
as being opened during the evening both at the week-end and during the week as 
detailed in Fig.3-1 possibly confirming occupants generally prefer to open windows 
only when they are at home. The relationship between ambient conditions and 
occupants’ window opening habits were also demonstrated from the findings detailed in 
Fig 3-2. The results showed, for the temperature range under investigation 
(0°C to 25 °C), there was a direct correlation between the numbers of windows 
observed open at the site with ambient air temperatures. The results suggest that as the 
ambient air temperature increased, the trend on this site was to increasingly open 
windows. The data also confirmed not only a percentage increase in the numbers of 
windows open but also a percentage increase in opening area. The phenomenon of 
opening windows when temperatures rise agrees with research carried out in 1988 by 
the Air Infiltration and Ventilation Centre (AIVC)4.
The AIVC study gathered observation data from several sites based around Europe 
including the UK. It was part of a much larger study to investigate, amongst other 
things, energy loss from dwellings due to occupants’ behaviour towards ventilation. 
Within the study findings from one of the projects carried out in the Netherlands 
showed a direct linear regression between the percentage of open windows compared to 
outdoor temperature. It was also reported that similar results were obtained for all the 
other projects involved. In addition another project involved in the study investigated 18 
test houses in South London, collected data from occupants filling in log books, diaries 
and questionnaires. The results of this project confirmed that an increased number of
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windows were open per dwelling in July and August. The information collected from 
the occupants for this project was confirmed through selective observations of the front 
facades of the dwellings4.
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% of windows observed open at various time intervals
06 00-09 00 09 00-16 00 1600-20 00 20 00-00 00 00.00-06 00
B/Fast D/Time E/Meal Evening N/Sleep
Figure 3-1: Percentage of Windows Observed Open at Various Time Intervals
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Figure 3-3: Percentage of Windows Open against Wind Speed
The window opening patterns observed on the Cambridgeshire site were further 
explored to examine any further effects associated with ambient condition such as wind 
speed and levels of sunshine. The findings detailed in Fig 3-3 suggested there was a 
slight correlation between wind speed and the observed number of open windows. 
Figure 3-4 shows that the dominant factor affecting occupants’ window opening habits 
was the ambient air temperature and if any windows were opened more on cloudy days. 
These results therefore did not agree with the results present in the AIVC report4.
A complete examination of all the raw data gathered from the site indicated that factors 
other than ambient conditions could influence window opening patterns. Fig 3-5 details 
the percentage of windows observed open over the whole site during specific time 
periods. The graph highlights that on average the highest percentage of windows were 
open early in the morning during the breakfast period. This result was also found to be 
consistent with the results from the AIVC study presented for an average winter day in 
the Netherlands. The data was gathered by a variety of means for the AIVC project and 
included the use of microswitch devices attached to the window systems in some 
dwellings4.
The data gathered from the houses and flats observed on the Cambridgeshire 
development were segregated in to room types to examine the results shown in Fig 3-5 
in more detail. Figs 3-6 and 3-7 show the window opening patterns for the flats and
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houses respectively. The results for the flats showed that on average a higher percentage 
of windows were open during the breakfast period, than at other times. The majority 
being bathroom windows, with almost double the amount being open compared to any 
other windows in the flats during that period. The houses however opened bedroom and 
bathroom windows during the breakfast time slot. All three of the graphs clearly 
indicated a large percentage decrease in the observed open windows during the rest of 
the day, with an increase occurring after late afternoon into the evening. The results 
shown could suggest that window opening habits were strongly linked to the hours 
residents were actually present within their homes, but this could not be substantiated 
within this study for reasons highlighted before. Indications were that residents 
preferred to open the bedroom windows when sleeping more so in houses than flats. 
Although none of the ground floor bedroom windows in the houses were observed as 
being open during the hours of midnight to six o’clock in the morning. Security would 
appear to be an issue for the residents of this development as only small ground floor 
windows were observed partially open during the hours of early morning. Even during 
periods of high ambient temperatures the number did not increase significantly within 
the houses. Only during periods of ambient temperatures above 14 deg C were 
bathroom and bedroom windows in the ground floor flats observed open between the 
hours of midnight and early morning.
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% windows open as a function of ambient temperature 
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Figure 3-4: A Comparison of Windows Open for a Sunny Day or a Cloudy Day
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Ideally continuous monitoring of windows would have been undertaken instead of spot 
readings. However this was not possible for reasons of cost and inconvenience. 
Gathering security sensitive data such as window opening schedules, from a private 
housing development was a challenging exercise fraught with problems. However this 
lengthy method of data gathering was considered robust, once all the obstacles had been 
addressed and over come, where possible. The raw data could be accepted as accurate 
because the residents were unaware of the study and therefore believed to be behaving 
in a natural manner. Unfortunately due to the nature of the surveillance the repeatability 
of the observations limited the data sample size and hence power of the statistical 
analysis.
The AIVC study which encompassed five different European countries were each 
responsible for a different number of project which totalled 23 in all. Each of the 
projects focused on questionnaires and observations to determine how occupants used 
the ventilation systems installed in their dwellings. Primarily questionnaires were 
utilised in all the projects, but the observation methods differed from project to project 
and were not consistent with the methods used for this investigation. The AIVC study 
carried out limited onsite observations in four of the five countries, none of which were 
conducted during evening hours. Some of the projects gathered ‘self-observations’ from 
the occupants through the use of diaries and log books. Direct measurement of window 
openings were also used in three of the projects through the use of microswitches fixed 
to the window frames. Although the study found this to be a reliable method for 
gathering data on how long the windows were open, the size of the opening was 
unknown. This technique was also unfavourable with residents. Details of the study 
were discussed at length in Chapter 2.
The AIVC investigation, now 20 years old, was updated in 2001 to include 
developments in ventilation technology5.The new study associated with occupant use of 
ventilation systems used the data presented in the original study. The results gathered in 
1988 and represented in 2001 were not all compatible with this study, due primarily to 
the varying weather patterns experienced throughout Europe, and the different methods 
used to collect the data. It was confirmed in the study that slight deviations in the results 
were found from different countries. However, it was significant that this investigation
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was in agreement that occupant behaviour towards window openings was influenced by 
ambient air temperature.
3.1 Questionnaires
Several ideas were considered for the administration and delivery of a questionnaire. 
Initially a postal questionnaire was contemplated but abandoned in favour of a personal 
interview with each household resident. It was considered that a postal questionnaire 
although very effective at covering a large sample, would not generate the required 
response as the results can be unreliable due to the questions not always being 
interpreted correctly and potentially a low response rate skewing the sample4. Whereas 
during a face to face interview the interviewer would have an opportunity to interact 
with the occupants in order to establish a more detailed and precise response. 
Unfortunately a short coming of this approach was that it was time consuming and 
therefore delivered a small sample size. The intention of the interview - questionnaire 
was to evaluate the occupants’ perception of and satisfaction with IAQ in their homes. 
As well as establishing what knowledge the occupants had of the ventilation system 
installed in their property and how they interacted with it. The intention was to use this 
information to create ‘realistic’ schedules within a software model to represent occupant 
behaviour in a generic new built dwelling. It was favourable therefore to have a small 
sample of accurate in-depth data. Telephone interviews were also considered but 
rejected due to lack of available information regarding householders’ telephone 
numbers and the general publics’ resistance to divulging personal information over the 
telephone.
The format of the interview questionnaire developed over time because as the 
interviews progressed it became more apparent what type of questions were best suited 
to prompt the occupants to disclose the relevant information. The final questionnaire, 
emerged after approximately 20 interviews. Using this questionnaire as a prompt for the 
interviewer, the information gathered from the occupants was recorded on individual 
sheets and logged for analysis. An example of the interview-sheet along with a record of 
all interviews conducted are included in Appendix 1- Section 2
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3.6.1. Data Collection
To carry out the survey, the site was visited over several week-ends. It was apparent this 
was the optimum time to complete a higher number of questionnaires due to the 
residents’ busy lifestyles. Visiting the site at different times of the day also helped to 
resolve this issue. The site was repeatedly visited to gain enough information to 
complete the survey. In total, 40 useable interviews were carried out over 13 months.
The properties were approached in a systematic manner in an attempt to cover as many 
property variations as possible. The responses of the residences to the questionnaire 
were influenced by the wording of the question asked which need to be considered 
during the analysis of the survey results. Many people were cautious and reluctant to 
discuss general issues about their homes and habits on the doorstep, which in turn 
hindered the process.
3.6.2. Results
The information obtained during the interviews was recorded directly on to the 
questionnaire sheets and then transferred chronologically in to a Microsoft Excel spread 
sheet. Each individual answer to all the questions was checked prior to being recorded; 
any anomalies within the data were noted. All the original interview sheets were also 
filed chronologically for future reference.
The data gathered from the questionnaires was analysed using statistical techniques. The 
table shown below detail a summary of the findings including the statistical significance 
of the results. The significance levels were included to give an indication of how likely 
the result could be due to chance. The confidence interval is a measure of the 
“uncertainty” in the mean of the sample, taking into account both the variability of the 
sample from the standard deviation of the mean, as well as the sample size. It was 
possible to apply the significance test to this data set because the results were calculated 
from a random sample.
The results gathered were used to analyse the occupants’ ventilation habits in relation to 
their use of the ventilation systems available within their homes. Comparisons were 
made between the use and non use of the systems provided as well as the usage of
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various ventilation devices in unison. The resulting effects of the ventilation habits on 
conditions such as condensation and mould growth were then scrutinized.
The data was further analysed to ascertain the occupants preferred ventilation methods 
for alleviating condition such as condensation, draughts and feelings of stuffiness within 
their homes.
Information about the occupant density was also gathered as part of the interview 
process and included in the analysis. Fig.3-8 graphically represents the results of the 
data gathered detailing the average occupant densities for all the property types visited 
during the survey. These results were then analysed to establish any connection with 















Used 32.5 23 23
Not used 67.5 33 22
Statistical Significance DifF (10%) Diff(l%)C.l. (14%) C.l. (13%)
Extract Fans Used 92.5 35 24Not used 7.5 33 33
Statistical Significance Diff(l%) Diff (9%)C.l. (28%) C.l. (27%)
Ext. Fans used in conjunction 
with:-
Open BV 10 25 25
Open Windows 52.5 24 9.5
Statistical Significance Diff (1%) Diff (15.5%)C.l. (23%) C.l. (13%)
Windows Opened 95 37 26Not Opened 5 0 0
Statistical Significance N/A
Ext. Fan Used With BV& Windows Open 7.5 0 0
Ext. Fans Used With BV & Windows Closed 25 40 30
Statistical Significance N/A
Ext Fan Not Used BV & Windows Open 5 0 0
Ext Fan Used With BV & Windows Open 7.5 0 0
Statistical Significance N/A
Table 3-6: The effects of Occupants Interaction with ventilation devices on 
conditions of condensation & mould growth
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Average Occupant Density /Property Type
8 0 02
Property Type- No Bedrooms
Km F- Flat 2H- 2 Stae* House 3H - 3 Stacy Hoanc 7
Figure 3-8: Average Occupant Density per Dwelling
3.6.3. Analysis of results
The confidence interval for all the results shown in Table 3-6 indicate a large measure 
o f uncertainty with one exception; fan use in conjunction with open windows compared 
to fan use in conjunction with open background (trickle) ventilators. Only 9.5% o f the 
properties interviewed who used extract fans with windows open reported incidence o f 
mould growth. Whereas reported incidences o f mould growth increased to 25% in 
properties that used only open trickle ventilators at the same time as extract fans. The 
difference o f 15.5% is greater than the 95% confidence interval o f 13% suggesting this 
result was statistically significant. The result does suggest that opening a window when 
using extract fans is more beneficial then opening trickle ventilators. However the data 
doesn't differentiate between the size o f  the window openings and the background 
(trickle) ventilator size nor the length o f time either device was open. It could also be 
argued that in order to alleviate the conditions o f mould and condensation people tend 
to open the windows.
All the other results could not be considered as significant due to the confidence interval 
values. As the sample was believed to be random the indications would suggest that it 
was the sample size that was too small. The results which yield a zero reading were not 
suitable for analysis using the confidence interval method as there was no error in the
mean and therefore no standard deviation, so no comparisons could be made.
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The results shown for the properties which reported not opening windows was not 
consistent with the observation results gathered independently. During the initial 
interviews some households were not consistent with the answers they gave to certain 
questions. In particularly two properties gave conflicting answers about opening 
windows. At the beginning of the interview they claimed they never opened windows 
due to security risks. However when the question was re phrased at the end of the 
interview they reported opening the windows when cooking and showering. Including 
this information into the data set would have actually shown that 100% of the occupants 
opened the windows to assist with the removal of condensation.
Of the 40 households interviewed 35% reported incidences of condensation and 43% 
stated they opened windows to alleviate the situation, with 21% indicating they used 
extract fans only. The remaining residence 36% stated they preferred to use a 
combination of extract fan with open windows to clear the condensation from either the 
kitchen or bathroom.
Draughts were reported as an issue for 22% of the residence which took part in the 
survey and the majority, 67% found that closing the background (trickle) ventilators 
resolved the problem. A comparison was made between reported background (trickle) 
ventilators closures and switching off the extract fans to reduce drafts. An uncertainty of 
less than 5% within the statistical analysis suggested a statistical significance within the 
results.
Of the 40 properties surveyed only 20% stated they experienced feelings of stuffiness 
within their homes. Surprisingly the data revealed more residents of houses than flats 
reported they experienced stuffiness. However all residence opened the windows to 
improve the situation.
The dwellings monitored for this study were regarded as low occupant density 
compared to average UK occupant density in accordance with the English Housing 
Condition Survey6. Current research indicates there is a correlation between high 
occupant densities and mould growth. This could not be tested within this study due to 
the low occupancy levels. The reported incidence of mould growth and condensation 
within the properties were examined and compared against the occupant density results 
but no statistical significance could be found within the data.
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3.6.4 Discussion
The housing development under consideration consisted of 120 properties and over the 
period of 13 months only 33% were actually interviewed. During that time the site was 
visited repeatedly, but some of the residences were very reticent to engage in the 
interview process resulting in a small sample size in terms of statistical analysis. This 
understandable reluctance to divulge information, which could be considered as a 
security risk, was identified early on and the questionnaire modified accordingly. The 
revised questions were directed to the occupant activities rather than specifically about 
their window opening strategies. The approach appeared to work well as occupants 
were more relaxed answering these types of questions however the results, when 
analysed proved otherwise as conflicting answers were discovered. This caused a 
problem within the final analysis compromising some of the conclusions drawn. It was 
very difficult therefore to draw significant conclusions, and as a result the occupants’ 
habits in relation to using extract fans and opening background (trickle) ventilators and 
windows were inconclusive. It would therefore be recommended that these tests be 
carried out on a larger sample of properties in order to gain more confidence with the 
results.
The AVIC report found that ventilation habits of different age groups varied 
significantly4. However this could not be substantiated within this study as the majority 
of the households interviewed (75%) were within the age range of 21-39 years. None of 
the properties surveyed were solely occupied by retired residents and only one reported 
having a mature relative living with them.
3.2 Conclusion
The primary objective of this field study was to establish occupant related behaviour 
towards ventilating their homes. All the dwellings included in this investigation were 
designed to be naturally ventilated, and therefore the regular opening of windows could 
be considered as an essential major requirement of the ventilation system, if adequate 
IAQ was to be achieved. However gathering information from residents of privately 
owned dwellings, especially regarding data which could be considered as a security 
issue, presents a huge challenge. Both the techniques of gathering the information were 
found to be reasonably successful once the initial obstacles had been overcome although 
the size of data sample obtained did prove to be an issue when performing the statistical 
analysis. This could be addressed however, through a larger study conducted by a team
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of researchers covering several sites simultaneously. A larger study could also look to 
obtain information regarding the indoor temperatures of the dwellings to explore further 
if overheating within dwellings was an instigator for opening windows. In addition what 
affect, if any, the orientation of the window had on overheating the dwelling should be 
included.
The properties on the site were predominantly of a north south or south north 
orientation with a few exceptions facing east west there were no west east facing 
properties. However the orientations of the windows were a lot more indiscriminate. 
Many of the houses were detached, with windows on more than 2 facades and all the 
town houses, and some of larger detached houses had sky lights. Factors which could 
have contribute to the effects of overheating within the dwellings and consequently the 
window opening habits of the occupants.
The data gathered from direct observations was found to be more reliable than self 
reported data gathered from the residents. The overall outcome of the survey did 
indicate that although people were very security conscious they valued the ability to 
open their windows when they were at home. A conclusion which was also drawn from 
the results of the data gathered from the observations.
A study of this type relies heavily upon information gathered from the occupants of the 
dwellings and as was found, this may not be the most reliable source of information. 
Data gathered from interviews and questionnaires can be misleading as people 
generally, when interviewed, tend to give the answers they think they are expected to 
give. The purpose of the interview is therefore compromised as factual data is required.. 
If possible it would be preferable to acquire the data without the residents’ knowledge 
in order to build up a true picture of occupant behaviour towards ventilating their 
homes.
Although the sample size was small (40 dwellings), a quarter of the households 
interviewed did report conditions of mould growth within these new dwellings. To 
correct the condition the residence reported opening windows in addition to running the 
extract fan. The results of the survey indicated this reduced the incidence of mould 
growth by 62% compared to households who used extract fans with open background 
(trickle) ventilators. These results would suggested that purge ventilation was required 
to avoid the conditions of mould growth within new dwellings which raises the question
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of building tighter dwellings in the name of energy efficiency if occupants need to 
revert to opening windows to provide the required ventilation rate.
In addition it would also be recommended that a further investigation be carried out into 
the ventilation habits of various age groups of the population. The AIVC report 
suggested that as people grew older the less they ventilated their homes4. As there has 
not been any other research into this area for 20 years could it be that this was a life 
style choice of a certain generation and worth reinvestigating. Could it be that as the 
young people of 20 years ago become the older generation of today do their ventilation 
habits change or does the conclusion to the research alter with each generation?
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This chapter will investigate the performance of the ventilation system including 
component parts installed in the dwellings on the Cambridgeshire housing development. 
Manufacturer’s data for the component parts of the system will be presented and 
compared against in-situ test results and results gathered under laboratory conditions in 
accordance with the BS EN13141:2004 Parts 1 & 41. The actual onsite installation of 
the system will also be discussed and compared with the Manufacturer’s recommended 
fitting criteria. The chapter also examines the effects, if any, of variations in installation 
practises and how this could impact on the theoretical ventilation of the properties.
4.1 Ventilation Systems
Natural ventilation assisted by intermitted extract fans has been the primary method of 
ventilation in UK dwellings over the past thirty years. The whole dwelling ventilation 
rate being achieved through adventitious leakage through the building fabric plus the 
single or combined use of 3 components; openable windows, intermittent extract fans 
and background ventilators. Until recently this strategy was recommended for all UK 
dwellings in accordance with Approved Document Part F of the Building Regulations 
1991 which came into force 1992 and was amended in 1994 and adopted inl9952. 
During this period it was totally acceptable to install other modes of ventilations 
including whole house mechanical systems provided adequate provision of ventilation 
was provided for the occupants of the dwelling. Although the regulations were again 
amended in 2005 this post dates the construction of these properties which was 20033.
AD Part F (1995) of Schedule 1 to the Building Regulations 1991 was in force at the 
time when this development was under construction2.The recommendations included 
within that document were to provide for ventilation, through openable windows, 
described as rapid ventilation. In addition background ventilation through ventilators of 
a prescribed geometric dimension and extract ventilation by either Passive stack (PSV) 
or mechanical extract fans of a given performance rate. The background ventilators 
were to be fitted in all habitable rooms, to provide a minimum supply of fresh air for the 
occupants of the dwelling and make-up air from PSV and extract fans. The extract was
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to be taken from areas where water vapour and pollutants, considered hazardous to 
health, where produced in significant quantities such as the kitchens, utility rooms and 
bathrooms. For the purpose of this study only extract fans and background (trickle) 
ventilators were investigated. PSV and background airbricks were not installed in any of 
the dwellings on the Cambridgeshire site and were therefore outside the interests of this 
research.
4.1.1 Extract Fans
Extract fans have featured in UK dwellings since the 1930’s generally located in the wet 
rooms; kitchens, bathrooms, utility rooms and WC’s4.The fans primary function being 
to remove moisture and smells from near the source of production, as well as preventing 
migration to the rest of the dwelling, by drawing the air into the source room. However, 
previous studies have demonstrated that extract fans do not prevent air and pollutants 
mixing between rooms if doors are kept open5. The relative ‘dry’ make-up air, is then 
supplied via background ventilators or through the fabric of the building (infiltration), 
or a combination of both. The positioning of the extract fans requires carefully 
consideration to avoid combustion gasses being drawn into the room from open flue 
appliances. Positioning the extract fan close to an openable window should also be 
avoided in an attempt to prevent the consequences o f ‘short circuiting’. The effect of 
‘short circuiting’ is a situation which occurs when a fan is fitted adjacent to an openable 
window on the same wall, and the fan then operated while the window is left open. The 
fan will ‘pull’ the fresh air in through the open window and immediately exhaust the air 
back to the outside without extracting any of the moisture or contaminated air within the 
room. Particular attention should also be paid to the actual selection and performance 
criteria of the fan to avoid over or under ventilating the property, as well as preventing 
discomfort from draughts.
There are a great many fan types available on the market and in general they are 
classified into four groups; Centrifugal; Axial; Mixed and Tangential. Within the UK 
domestic market small centrifugal and axial fans are found to be most common. 
Applications range from wall or ceiling mounted fans in bathrooms, utility rooms and 
WC’s to ducted cooker hoods with or without recirculation in kitchens. The simplest 
fans are manually operated via a switch or wired into the light switch. More 
sophisticated fans are available with humidity sensors coupled with over run times. In 
its simplest form a fan consists of a bladed rotor, which varies in shape according to the
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fan type, housed in a casing. The rotor is connected via a shaft to an electric motor 
which transfers the power to turn the blades.
4.1.1.1 Axial Fans
Axial fans are normally used when the flow requirements are high and the pressure 
demand is low. In domestic applications they are generally fitted through the wall with a 
wall sleeve and grille, or directly to the outside via a standard window kit. Axial flow 
fans impart motion to the air by compressive forces. The name reflects the motion of the 
air as it flows parallel to the fan axis without a change in direction. The main 
components of an axial fan are the impeller, the blade, the hub, the motor and the 
housing casing. The axial fan blade works in a similar manner to an aircraft wing 
relying on aerodynamic lift from the carefully designed aerofoils. However, whilst in 
the case of the aircraft the lift force acts upwards on the wing to support the weight of 
the aircraft, the axial fan is fixed in position and this lift motion causes displacement of 
the air.
4.1.1.2 Centrifugal Fan
The principle operation of Centrifugal fans, also known as radial fans, is relatively 
simple relying on centrifugal forces to generate flow by dragging the air around in a 
circle. The rotation of the impeller causes the air to travel through it in a radial direction 
developing pressure as it does so. The main components of a centrifugal fan are the inlet 
cone, the blades, the impeller and the scroll. It is the impeller, located at the centre of 
the casing that does most of the work. For the same power input a centrifugal fan will 
develop higher pressures at lower volume flows than the axial flow fan. This 
characteristic is better suited to applications requiring long lengths of ductwork. Within 
the residential market they are normally found where ceiling mounting is the preferred 
location for the fan, and long lengths of duct are required to reach an external wall or 
the roof of the dwelling.
The efficiency of any fan type and the system it is connected to, heavily depends upon 
the way in which the air is brought to, and taken away from the fan. There are four 
generic variations for this as detailed in Fig. 4-1, however in the case of domestic 
intermittent extract fans only two of the variants are normally relevant; A: the simple 
free in-let and out-let, and B: the free in-let with ducted out-let.6
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SJ ducted outlet
Ducted inlet and 
tree outlet
Figure 4-1: ISO 5801 (BS 848) Test standard for domestic Fans
4.1.2 Background Ventilators
Background ventilators are commonly referred to either as ‘trickle ventilators’ which 
are fitted to, over or through window frames, or as ‘airbricks' fitted through the external 
wall of a dwelling. In simple terms these devices are holes of a given geometric size 
between the inside space of a building and the outside, designed to facilitate the 
continuous exchange o f ‘fresh’ air for ventilation purposes. There are several different 
styles and types of ventilators currently available; Fig.4-2 below' shows details of 
manually adjustable trickle ventilators. Also available, although rare in the UK and still 
very much in the experimental phase, are humidity-controlled ventilators, pressure- 
difference controlled ventilators and acoustic vents. However for most situations 
especially non noisy urban and rural developments of low rise dwellings the manually 
adjustable trickle ventilators are a favourable economic choice. These types of 
ventilators comprise of a canopy or grille attached to the outside of the window system, 
and a flap or slider on the inside which occupants can adjust to open or closed. The 
through the frame vents as detailed in Fig 4-2a are mounted over or into a slot routed 
through the top of the window frame. Fig. 4-2b gives details of the glazed-in type vent. 
Over the frame types however are designed to fit on top of the window frame and 
occupy the full width of the frame as detailed in Fig 4-2c. This type of arrangement is 
generally called a ‘cavity closure’ as the ventilator with canopy or grille are fixed to an 
extruded uPVC (unplasticised polyvinyl chloride) section which the window frame is 
positioned and fixed into. The uPVC extrusion as its name suggests; closes the cavity
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between the inner and outer skins o f  the wall, and is positioned directly below the 










Figure 4-3: Typical on-site installation of a cavity closure (over the frame)
There are many variations o f  designs for ventilators, canopies and grilles suitable to fit 
either uPVC, metal or timber framed window systems. The focus o f  this study however 
will only concentrate on two types o f  the manually adjustable trickle ventilators for 
uPVC widows; the through the frame, and the over the frame window mounted 
ventilators.
As per the recommendations within AD Part F o f  the Building Regulations (1995, 
2006)‘&3 all these ventilators should be installed in dwellings at a height o f  1.7m above 
floor level which, conveniently is the approximate height above floor level for most
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standard windows in UK dwellings. Compliance on site was confirmed during site 
inspections.
4.2 Performance Testing
The adoption of the European CEN standard as a British Standard BS13141/1-7 in 
20051 gave for the first time a laboratory based test method for the performance 
assessment of ventilation devices recommend to provide ventilation within UK 
dwellings. As of the date of writing there is no standard available for the 
commissioning or testing of these devices in-situ, post completion of construction.
The adoption of the standard altered the way in which the performance of ventilation 
devices was determined, as it provided a uniform methodology for testing the products 
and component parts. Only two parts of the standard will be referred to during this 
investigation; Part 1: ‘Externally and internally mounted air transfer devices’ which 
describes the method for testing the performance of background (trickle) ventilators 
and Part 4: which describes the methodology for determining the performance of extract 
fans installed in domestic properties entitled; ‘Fans used in residential ventilation 
systems’1.
The performance testing of the ventilation systems and component parts, under 
consideration, were carried out at the Research and Development facilities of a major 
trickle ventilator Manufacturer. The laboratory facilities provided were not 
environmentally controlled and therefore the test data gathered was susceptible to the 
ambient conditions within the laboratory facilities. However there is no requirement 
within the standard for the testing to be carried out in a controlled environment the 
standard only required the ambient conditions be recorded during all test procedures.
All corrections for standard temperature and barometric pressure where compensated 
for through the measuring instruments, the direct readings from the test rig only 
required correcting for leakage, when necessary, prior to calculating the flow 
characteristics of each product tested. Full details of the laboratory facilities and test 
equipment are given in Appendix 2- Section 1
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4.2.1 Fan Performance Testing
The aerodynamic characteristics of the various fans installed in the dwellings, under 
investigation, were performance tested in-situ at the site. Samples of the same make and 
model of fans were obtained from the onsite electrical products supplier, and tested 
under laboratory conditions in accordance with British Standard EN13141-4:20041.
Both sets of results were then compared with the fan performance data supplied by the 
Manufacturer.
The dwellings studied in this investigation were all constructed incorporating 
centrifugal and axial fan types from one single supplier. Ceiling mounted centrifugal 
fans and wall mounted 100/4”axial fans were installed in bathrooms and en-suites, both 
with and without windows. The favoured choice for the kitchens on the site was 
recirculation cooker hoods, and 100/5” wall mounted axial fans with a boost feature.
Each fan, as supplied by the Manufacturer, was checked for suitability to the application 
and compliance with the UK Building Regulations of the time -Part F-19952 (i.e. the 
fans should achieve a flow rate of 54 m3/hr in the bathroom, and 216 m3/hr in the 
kitchen when not installed adjacent to the cooker hood). The information available from 
the Manufactures’ confirmed the fans had been tested in accordance with the required 
European standards applicable to the UK during the period of construction, 2003. 
However neither the method nor procedures used by the manufacturer to obtain the fans 
mechanical performance could be verified or confirmed. The Manufacturer’s 
installation instructions were also examined and compared, where possible, with the 
onsite installations.
4.2.1.1 On site testing
The in-situ performance data was gathered by carrying out on site testing of the fans 
installed in the two show homes on the development. The instrumentation used 
consisted of a simple hand held vane anemometer with capture hood. Given the 
restrictions of obtaining data within a show home environment, and the necessity for 
non intrusive and non destructive testing, this instrumentation was found to be best 
suited and recognised within industry as a reliable test method. A detailed description of 
the instrumentation is included in Appendix 2 -  Section 1
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4.2.1.2 Laboratory Testing
The test apparatus, which was built in accordance with the recommendation of ISO 
5801 (BS 848)6 and referred to at the testing facilities, as ‘Fan- Air flow Rig- 3’, was 
used to test the performance rating of the sample fans supplied through the onsite 
electrical contractor. The products were tested in accordance with the procedure 
described in ISO 58016 as directed by BS13141-Part 41. A full description of the test 
procedure is included in Appendix 2- Section 2, along with a detailed description of all 
the test pieces (fans, grilles and ductwork) plus all the test data gathered.
4.2.1.3 Results and Discussion
Tables 4-1 and 4-2 below summarise the results gathered from the laboratory testing.
Fan Performance m3/hr
Installa Ductwork Centrifugal Fan Axial Fan
tion (100m m  dia.) o o
Type Gra Op % Gra Op %
vity en D vity en Dgui Grill Gri if Grill Gri if
e lie f e He f
Flexi 66.2 4. 22.6 29. 2Cavity ble 69. 4 3 3Wall 350 3mm Ridg 69.4 72. 4. 34 2
ed 7 6 26.2 3ve % 4.5 4.8 13.7 12
Diff
Table 4-1: Summary of Laboratory Results- Cavity Wa 1 Installation











Flexible 61.2 61.4 61.7
Ridged 61.9 62.1 62.5
% Diff 1.1 1.2 1.3
Table 4-2: Summary of Laboratory Results- Ceiling mounted Installation
The results showed, as expected, the performance of the centrifugal fan was superior to 
the axial fan with the axial fan not achieving the Building Regulations minimum 
requirement of 54 m3/hr under all case. The full test data detailed in the appendix 
showed however that the power consumption of the centrifugal fan was greater by up to 
28%, as would be predicted for a fan of this type when installed with a short duct run. 
Centrifugal fans with the same size inlets as axial fans, can develop pressures up to 4
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times that of an equivalent axial fan and usually cost at least twice as much. This makes 
an uneconomical choice for a typical domestic cavity wall installation, where high 
pressure performance is not required and none were used for this type of application on 
site.
Short circular, ridged duct lengths of up to 350mm, simulating cavity wall installations 
showed higher air flows than a flexible duct of the same length. The test also showed 
how the different exhaust grilles inhibited the performance of the fans. The results 
found that gravity grilles, as specified and installed on the site, had a detrimental effect 
on the performance of the fan by as much as 23% (axial fan), with a correct connection 
of the duct sleeve both over the spigot of the fan and into the casing of the grille. 
Incorrect mating of the male and female connection was found to hinder the fans 
performance further. The affect on performance of the different types of ductwork was 
more noticeable on the system tested with the gravity grille. Performance improved by 
almost 14% with ridged ductwork, compared to flexible when installed in conjunction 
with the gravity grille. The optimum performance achieved was for the system with a 
ridged piece of duct connected to an open grille. The result however was 37% less than 
the minimum Building Regulation requirement (54 m3/hr) for a bathroom extract fan. 
The test data implied this particular axial fan with a ‘through the wall’ type installation 
would only be suitable for sanitary accommodation requiring a minimum of 21.6 m3/hr 
in accordance with Building Regulation.
The centrifugal fan is more suited to installations with longer duct runs because they 
can develop higher pressure to overcome the back pressure created in the duct work.. 
The test results showed that the type of ductwork, ridged or flexible, however had a 
negligible effect on the fans performance. However, the correct installation of the 
flexible ductwork, as described in the building regulations, AD Part F- Means of 
Ventilation-Appendix E-20 063, was essential to achieve comparable results. Most 
ceiling fans installed in domestic dwellings require a flexible bend directly off the fan 
spigot of approximately 90° due to installation restrictions within floor voids and ceiling 
joists. The tests data was gathered from a system set-up to replicate a similar type of 
installation found in dwellings Details of the test set-up are shown in Fig A2-10 in 
Section 2 of Appendix 2
The laboratory test results confirmed that bends in the system, inhibited the flow of air 
within the system. Table 4.1b shows that the performance rate of the fan increased with
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longer duct runs following a 90° bend because a longer straight run after the bend 
allows the flow to reform into a single laminar flow.
All of the results gathered from the centrifugal fan performance tests indicated the fan 
would be suitable for a bathroom installation when ceiling mounted and connected to 
either flexible or ridged ductwork terminating with a gravity grille. The data collected 
implied the fans performance would be adequate to comply with UK building 
Regulation when installed with duct runs of up to 6m.
The fan performance data supplied by the fan Manufacturer, together with a summary of 
the test results gathered from the onsite measurements and the laboratory testing, are 




































’ Free running no ductwork attached "  M aximum length ductwork '* *  Flexible ductwork’ " ’ Ridge ductwork 
^Percentage Difference referenced back to the M anufacturer’s Published Performance Data 
• Percentage Difference referenced back to Installed Performance
Table 4-3: Comparison of test data
The Manufacturer’s published performance data was compared against the measured on 
site performance data and the sample fan performance results gathered under laboratory 
conditions. The results for the axial fan (100/4”) varied by only 17% for the bench test, 
assuming no ductwork was attached to the test piece during testing. The difference 
noted could be attributed to the dissimilar types of measuring methods employed and 
the equipment used. The onsite measurements, however, indicated that the performance 
of this particular fan installation was 72% less than the Manufacturer’s recommended 
performance but only 5% less than the laboratory tests simulating a best installation. 
The Manufacturer’s published performance data, for this particular fan, did not agree 
with any of the performance figures gathered during testing for this investigation.
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The axial (120/5”) fan installed in the kitchen o f  the show home on site yielded the 
poorest installed performance with a reduced figure o f  93%. A close onsite inspection 
was carried out and it was discovered that the flexible ductwork installed in the wall 
cavity was not correctly fixed to the gravity grille, for this particular installation as 
shown in Figs 4-4 below. Fig 4-5 details correct fitting, o f  a similar installation on one 
o f  the other properties, for comparison. It was also noted that fire retardant duct work
y #
was installed for this application as per UK fire regulations for kitchen ductwork . This 
type o f duct work was not tested or examined during the laboratory tests as the kitchen 
fan was not available from the supplier as a sample due to the fan being discontinued.
Figure 4-4: On-site installation of 
Gravity Grilles with Incorrect 
Ductwork fitting.______________
Figure 4-5: On-site installation of 
Gravity Grilles with Correct 
Ductwork fitting.______________
The performance o f  the centrifugal fan installed in the show homes en-suite facility was 
78 % less than reported in the M anufacturer's published data The sample fan 
committed for testing was examined closely and it was discovered the unit had an 
additional feature designed into the housing; a 'back draught shutter’ as featured in Fig 
4-6. Generally this type o f feature would be used when fans are installed without duct 
work or terminal grilles to avoid the detrimental effects o f  ambient conditions especially 
rain ingress and wind gusts.
The installation instruction booklet, supplied with the fan, recommends the removal o f
this shutter prior to installation with a ducted system. Due to the ceiling position o f  the
product, if  the shutter was inadvertently left in place and not removed, prior to
installation, the performance o f  the fan would be severely compromised. The extract
performance would be restricted due to the extra resistance imposed by the shutter,
which, as shown in Fig 4-6 is held in a closed position by a plastic restrictor. Several
other unknowns could have contributed to the low on-site measured flow rates. The type
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or length o f  ductwork used in the installation was unknown and the terminating grille 
could not be confirmed. The percentage difference between the regulations minimum 
extract ventilation rate, for bathrooms and the actual measured extract rate, in the show 
home en-suite bathroom was in excess o f  70% below requirements.
Figure 4-6: Back Draught Shutter
Interviews and discussions were conducted with both the site manager and the 
electricians responsible for the installation o f  the extract fans on-site. The information 
gathered from the site manager was found to be in conflict with the electrical installers’ 
version. Photographic evidence collected from the site, and spot checks carried out on 
the fans installed in the show homes suggested the electrical installers’ version o f events 
seemed more accurate. The site manager confirmed all installations o f ventilation 
systems were thoroughly checked by qualified personnel. He further confirmed that 
flexible ducting was rarely used only in exceptional cases, as it was troublesome to fit. 
The reality was in fact the opposite, and the electrical installers were electricians and 
not at all conversant in ventilation systems or their installation, and they used whatever 
ductwork was available at the time o f  fitting the fans.
The M anufactures quoted flow rates were 3.5 times greater than the measured on site 
and less than half that required by building regulations. The results gathered within the 
laboratory, for the centrifugal fan, exhibited a percentage difference o f  11% from the 
M anufacturer’s published data. The information supplied from the Manufacturer was re­
examined, but the performance data presented could not be confirmed or accredited 
with any recognised testing methodology, test standard or certified test house. The 
incompatibility o f  testing procedures and laboratory testing facilities could therefore be 
the primary reason for some o f  the discrepancies between the results. Also poor 
installation o f  the fans and/or ductwork, and accessories as well as incompatible sizing 
o f  system components in the show homes could all be contributing factors. None o f the
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systems component parts could be confirmed visually as the dwellings construction was 
complete and access to the cavity walls or roof space was not possible.
Other causative factors could include the actual test results on site being limited to only 
three sets of measurements from each of the fans. These were taken over a very short 
period of time, all on the same day and the average volumetric flow rate calculated from 
the results. Unfortunately repeat testing was not possible due to the restrictions 
associated with accessing the show homes.
Some of the ceiling mounted fans installed in the dwellings terminated with a roof 
terminal when no outside wall was easily accessible, as with the mid terraced town 
houses. The ceiling mounted fans tested for this study terminate with a gravity grille, on 
an outside wall because the show house was an end of terrace.
4.2.1.4 Repeatability of Test Results
The onsite testing carried out using the vane anemometer with capture hood was 
susceptible to possible errors. An independent test was therefore carried out to test the 
repeatability of the instrumentation. An arbitrary independent fan installed in a 
bathroom was repeatedly tested following the same procedure used for the on-site 
testing. Photographic evidence was collected during the test procedure and the results 
recorded. A description of the test including the photographs and results are included in 
Appendix 2 -  Section 2. The results showed that after 30 tests the repeatability was 
accurate within 3%
The test rigs at the Manufacturer’s facility were calibrated prior to each test, and the 
instrumentation tested daily against a straight edge orifice. The rig suppliers return bi 
yearly to maintain the rig and confirm calibration. Certificates were available at the 
testing facility.
4.2.2 Background (Trickle) Ventilator Performance
The performance of background ventilators came under scrutiny during the consultation 
period and the subsequent revisions made to the Building Regulations in 2006. For the 
first time the ventilators actual aerodynamic performance was questioned and the 
requirements as described in the Approved Document F (1995) were re evaluated2.
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4.2.2.1 Laboratory Testing of Background Ventilators
Original window sections including installed ventilators representative of the systems’ 
fitted in the houses on the Cambridgeshire development were obtained from the site 
specified window manufacturer. The specimens were delivered directly to the testing 
facility from the window Manufacturer’s factory. Each test specimen, including all 
component parts, were examined and given an identification number which was logged 
for future reference. The ventilator and canopy set combination, fitted by the window 
manufacturer to the sliding sash window section, was identified as corresponding to the 
system installed in the flats on the development. The uPVC extrusion, housing double 
and single ventilators with grilles were found to be representative of the systems 
installed in all of the houses at the site. A fourth sample was also received for the roof 
lite installed in some of the properties en-suite bathrooms and master bedrooms. The 
four samples were mounted on the test rig in accordance with the test standard 
BS13141/1, as far as possible, and tested in turn1. In order to measure the air flow for an 
‘as installed’ scenario the ventilator and canopy or grille combinations remained intact 
as received from the window manufacturer, and therefore were not mounted in the test 
rig in true accordance with the requirement of the standard. A description of the test 
procedure is included in Appendix 2- Section 3 along with details of all the results 
gathered from each test piece.
Although the test pieces received at the laboratory were as observed on the housing 
development the background ventilator systems, comprising of a ventilator and canopy 
or grille, were not paired and mounted as recommended by the ventilator Manufacturer. 
The ventilators with a canopy or grille should have been mounted as detailed in the 
schematic diagram shown in Fig 4-7 for optimum performance. The diagram illustrates 
the recommended ventilator, canopy or grille combination which should be mounted 
over a slot of specific dimensions depending upon the material the slot is cut through.
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Figure 4-7: Schematic of Ventilator Canopy & Grille Combinations 
recommended by the Manufacturer__________________________
Upon close examination o f  the test piece supplied, only the window sections where 
fitted w ith a ventilator system (vent and canopy), as recommended by the manufacturer. 
The cavity closure sections supplied were as observed on the development over single 
and double casement windows. Neither o f  the samples housed ventilators or grilles as 
recommended by the Manufacturer. Both samples were fitted with either one or two 
large grilles externally mounted as detailed in Figs. 4-8 and 4-9.
« ■
Figure 4-8: Installed Single Cavity 
Closure
Figure 4-9: Installed Double Cavity 
Closure
The M anufacturer's recommendation for both these type o f  installations would be 
‘recessed’ grilles as detailed in the schematic diagram in Fig 4-7 above, and the double 
cavity closure would house 2 vents and 4 grilles.
The slots routed to accommodate the ventilator systems in the window frames and the 
cavity closures were also closely examined. The dimensions o f  these slots can vary 
significantly due to the style and size o f  the window section and the material it is made 
from. The ventilator M anufacturers’ therefore recommend a generic slot size to best 
facilitate the performance and size o f  their products. Generally the slots routed in both 
timber and uPVC window frames are o f  a similar geometric area, although the shape o f 
each slot is slightly modified for each material type due to the engineering properties o f 
the different materials. Information gathered from M anufacturers' o f  both ventilators 
and windows indicated that normally a slot routed through a timber window section 
would be marginally shorter but higher than a slot machined through a uPVC window 
section.
The recommended plain slots were tested in isolation to establish the basic performance 
without any component parts attached to it, and the maximum air flow possible through 
a prescribed geometric opening. A plain routed slot o f  given dimensions as detailed in 
Fig 4-10 was prepared in accordance with the recommended test standards and mounted 
on to the test rig, sealed in position and tested following the procedure as described 
within the standard. Although due to time restrictions the max pressure differential was 
only taken up to Ap= 10 Pa. The results were gathered, calculated and presented in the 











Figure 4-10: Schematic drawing of Slot dimensions (mm)
Manufacturers’ data was available for all their recommended combinations of 
ventilators with canopies or grilles, as tested on a standard ‘straight thorough’ slots or 
recommended uPVC extrusion. Re-testing of all the combinations in order to verily the 
data was outside the scope of this study. However the ‘system’ combinations of 
ventilator and canopy or grille relevant to the investigation were re-tested for 
comparison purposes.
The additional tests included:
1. Ventilator and canopy combination (System A) attached to the Plain uPVC slot
2. Ventilator and grille combination (System B) comprising 1 ventilator and 2 
grilles attached to a uPVC cavity closure
3. Ventilator and grille combination (System B x2 i.e. 2 ventilators with 4 grilles), 
attached to a uPVC cavity closure
4. Ventilator and grille combination (System C) 1 ventilator with 2 grilles, 
mounted to a plain timber slot.
4.2.2.2 Results
The background ventilator performance data supplied by the ventilator Manufacturer, 
together with a summary of the test results gathered from the windows systems supplied 
by the window Manufacturer, and the data collected during the laboratory testing, are 
detailed in Table4-4.
All the calculated air flow results presented were taken at a pressure difference (Ap) 
across the device, of 1.0 Pa based on a meteorological wind speed of 4 m/s at a height 
of 10m as described in BS5925:19918.
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The data gathered from the testing of different shaped slots routed through two different 
materials were compared. The results indicated only a negligible difference in the 
calculated air flow results between the Manufacturers data and the controlled laboratory 
data. This indicated the material played no significant part in the performance of the slot 
as was expected. The surface roughness of the timber was expected to cause turbulence 
within the slot compartment compared with the smooth finish of the uPVC sections, but 














uPVC Not available N/A 14.44
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Table 4-4: Comparison of test data
The calculated results obtained from the re-testing of the ventilator system A was found 
to be in close agreement with the Manufacturer’s original test data. However, for the 
sample window test piece fitted with the same ventilator and canopy system, the 
calculated flow rate at 1 Pa was found to be only 5.08 m3/hr. This indicated almost a 
40% reduction in performance compared to the Manufactures data for the same
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ventilator system test. The graph detailed in Fig 4-11 highlights the difference in 
performance o f both types o f  installation.
Comparison of M anufactuers V ent/Canopy System Performance 
with
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Figure 4-11: Comparison of Ventilator System Performance between 
Manufacturer’s Performance Data with Installed Performance Measured Data
The test data supplied by the manufactures' for the System B type set-up was confirmed 
to be accurate within 0.4%. The combination o f 1 ventilator with 2 grilles in an uPVC 
cavity closure with a 13mm high slot was not represented in any o f the window systems 
installed on the Cambridgeshire development. A cavity closure accommodating only 1 
ventilator and 1 grille was found, and a sample section was received from the window 
Manufacturer. The test results highlighted the difference in air flow performance 
between the two systems. The system recommended by the ventilator Manufacturer 
provided 8% more air flow than the system actually installed on the development.
The double cavity closure as fitted on the site was also not as recommend by the 
Manufacturer. The recommended installation o f the ventilator system for a double 
cavity closure was a doubling o f  ventilator and grilles. The results showed that the air 
flow characteristics for the system installed on site was reduced by almost 10% 
compared to the performance presented for the Manufactures recommended installation.
The only timber framed windows observed on the housing development under 
investigation, were roof lites. The System C combination was retested and a good 
agreement was found between the data. The calculated air flow results, through the roof 
lite ventilation system, however where the lowest recorded. The calculated airflow for
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the system supplied for testing indicated a 46% reduction in performance compared to 
the Manufacturer’s flow rate.
The ventilator systems installed as on site were also tested in the closed position, 
although this type of test is not covered within the test procedure BS13141 - l1. The 
‘leakage’ test results were included in the software models as described in Chapter 5 to 
simulate the affects of occupants closing the back ground ventilators installed in their 
homes. The results from these tests were susceptible to the effects of turbulence within 
the test chamber as revealed by the flow exponent within the flow characteristic 
equation exceeding 0.5 as detailed in the test standard.
4.2.2.3 Discussion
The specimen window sections supplied by the window manufacturer were examined in 
detail, as were the vents, canopies and grilles attached to them and several anomalies 
were found. The vent and grille systems mounted on the cavity closures did not 
represent any of the installation recommendations provided by the ventilator 
Manufacturer. Consequently there was no Manufacturer’s test data available for the 
cavity closures installed on the site.
Close examination of the test pieces and photographic evidence from the site revealed 
that the cavity closures systems did not include slots routed as recommended, and 
generally considered as best practise. Fig 4-12 shows a continuous slot machined into 
the section without the inclusion of the bridge section (20mm) as detailed in Fig 4-10 
above. The slot therefore would not accommodate the 2 small grilles recommended by 
the manufacturer. A setup of this nature would not be advised by the vent manufacture 
as a slot of this length would weaken the structure of the section and over time the 
uPVC material could creep which may lead to a failure of the extruded section
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Figure 4-12: Installed Cavity Closure
The recommendation to fix the grilles as recessed into the cavity closers by the 
Manufacturer, was primarily due to weathering and aesthetic concerns. The possibility 
o f restricting the opening o f the window was also taken into account, although this did 
not appear to be the case with this installation.
The roof lite sample was examined and it was observed that the performance o f the 
ventilator and grille combination was inhibited due to the way in which they had been 
installed into the window system. The window Manufacturers' priority for this type o f 
window was not air flow; it was the prevention o f rain ingress and weathering due to the 
exposed location o f  the window within the roof construction. The window system 
provided, as a sample, featured a weather strip fixed directly over the front o f the inlet 
grilles to minimise the ingress o f rain water. However a consequence o f this was that it 
also restricted the air flow path. Fig 4-13 shows details o f  the weather strip attached 
over the grilles.
Figure 4-13: Roof Lite
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Further detailed examination o f the test samples, supplied by the window Manufacturer 
revealed the slot preparation on the sliding sash windows had also not been routed as 
per the ventilator Manufacturer’s recommendations. Fig. 4-14 details the actual slot 
machined through the uPVC window frame test piece. Due to the inadequate routing o f 
this slot the performance o f the ventilator system was compromised by almost 40%.
Figure 4-14: Actual slot machined through the uPVC window frame test
piece___________________________________________________________
The results o f this investigations showed that background (trickle) ventilators could be 
installed into window systems in a variety o f ways, some o f which would inhibit the 
actual air flow through the ventilator. Further investigations were carried out and the 
extent o f the complexities was revealed. Many different ventilator Manufactures’ supply 
the window Manufacturer's with ventilators, and all have a variety o f designs requiring 
small modification to the slot dimension. Due to the manufacturing processes employed 
by the window manufacturer, it was not possible for them to rout the slot precisely as 
instructed by each and every individual ventilator manufacturer.
The potential problems associated with fixing ventilator sets onto, into or over window 
frames were experienced during the testing carried out in the laboratory. The mounting 
o f the ventilator system (vents and canopies or grilles) on to the prepared block in line 
with the routed slots o f prescribed dimensions was an integral part o f setting up the test 
to ensure no leakage occurred around the ventilator or canopy/grille during testing. 
However during testing it became apparent that the positioning o f  the components on to 
the routed slot could improve or impair the aerodynamic performance o f the system as a 
whole. The cleaner the slot was routed and the more precise the positioning o f the right 
components over the correct slot configuration, all contributed to the overall air flow 
characteristics o f the ventilator system.
1 1 8
The cavity closers or ‘over the frame’ type of installations were found to provide a 
cleaner slot without obstructions as exhibited with the through the window frame 
installations, and therefore indicated a preferable solution. However this application was 
not without complications, as the air flow path was also found to be convoluted as 
shown it Fig 4-2c above, for the ‘over the frame’ installation, referred to as a cavity 
closure. The schematic diagram shows the flow is directed through two, almost right 
angled turns between entering the cavity closure system and exiting through the 
ventilator. Also the actual size and robustness of the slot itself should be given attention 
so as to avoid damaging the material integrity of the window system.
The logistics of safely transporting these component parts from one manufacturing 
facility to another, and then to the construction site became apparent during this 
investigation. In general the component parts of the ventilator system would be supplied 
to the window manufacturer as ordered, in bulk, and not necessarily in pairs. The 
ventilator ‘system’ is then supplied with the window section to site by the window 
Manufacturer. As observed on site the grilles were attached to the cavity closure but 
there were no ventilators. Due to the nature of the supply change there could be no 
guarantee therefore which ventilator would be eventually fitted to that system. It was 
assumed for the purpose of this study that the ventilators would be fitted as observed in 
the show homes and supplied for testing by the window manufacturer.
4.3 Conclusion
It was concluded from this investigation that the installed performance of the ventilation 
system within the dwellings under consideration, varied greatly from the 
Manufacturer’s published performance data. In most cases it was found to be the 
installation procedures employed which inhibited the actual performance of the 
component parts of the system as a whole.
4.3.1 Fan system
The Manufacturer’s product information and data sheets recommended that all three 
fans, installed on the site in Cambridgeshire, were suitable for both cavity wall and 
ceiling installations, and the axial fan would accommodate duct work of up to 4m. The 
main conclusion drawn from this investigation was that the installed performance of the
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intermittent extract fans could be as low as 93% (axial fan) and 78% (centrifugal fan) of 
manufacturers quoted flow rates and 95% (axial fan) and 72% (centrifugal fan) below 
Building Regulations. The reason for the discrepancy was that the axial fans were very 
sensitive to reduced flow rates associated to pressure drops, and that both systems were 
not correctly installed due to the installers not being appropriately trained, i.e. 
electricians were mainly responsible for the installation of the ventilation system, 
additionally there was a lack of appropriate components on site and elements of the 
component parts were left in place when they should have been removed.
The study also revealed how manufacturers published performance test data should be 
checked thoroughly prior to specifying, and ultimately installing products which may 
not be suitable for the intended application.
4.3.2 Trickle Ventilators
Prior to the adoption of BS 131411 there was no prescribed method for determining the 
air flow characteristics of the ventilator products supplied to window Manufactures’. 
Instead the regulations specified a geometric size. However vents with canopies or 
grilles have different properties and performance yet the supply of these products to the 
window Manufacturers’ appeared to be arbitrary. Any ventilator could be supplied with 
any canopy or grille, and the window manufacturer could mix and match to suit the 
requirements of the window design. The air flow performance of the products was not a 
consideration for manufacturers.
It was concluded from this investigation that straight through slots routed in either 
uPVC or timber gave the best air flow performance when nothing was attached to them. 
However ventilator Manufacturers’ had over the years, gradually ‘enhanced’ their 
products to prevent the ingress of rain or insects and had inadvertently reduced the air 
flow through the opening by covering the slot with over complicated obstructions. The 
introduction of the performance test standards in 2005 should have assisted the 
Manufacturers’ to address the problem through providing a prescribed methodology for 
determining the aerodynamic performance of their products. Unfortunately the routing 
of the slots was only described for testing purpose and still an area which required 
attention. The size of the slot at present, is not regulated as it is in other European 
countries, and therefore there is no control over its size or shape9. Convoluted slots with 
torturous air flow paths were all found to be detrimental to the performance of the
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ventilator when actually fitted to the window systems. As a consequence the 
performance of the installed ventilators with canopies or grilles, no matter how 
aerodynamically designed by the ventilator manufacturer, were compromised. Under 
extreme conditions only half the theoretical airflow was achieved.
All background ventilators depend upon ambient conditions to deliver ‘fresh’ air into 
the dwelling and therefore the overall design, size and installation requirements need 
specific consideration if they are to perform adequately. The limiting factors affecting 
background (trickle) ventilators, in particular, is the design and size of the windows they 
are to be installed on, in or over, as well as the willingness of the window manufacturer 
to comprise the integrity of his windows in favour of another manufactures product.
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The aim of this Chapter is to examine theoretically, through computer simulation, the 
predicated IAQ experienced inside two representative dwellings from the housing 
development forming part of the field study of this thesis
Computer modelling techniques are used to evaluate theoretically how effective the 
natural ventilation system fitted as standard in the Cambridgeshire dwellings are at 
providing adequate IAQ throughout the UK heating season. The system’s ability to 
remove indoor pollutants, primarily moisture will be investigated along with the air 
change rate per hour, and the predicted ventilation heat loss experienced as a 
consequence of using a natural ventilation system. The ventilation system performance, 
as measured on site, will be compared against the same system performing as 
recommended by AD-F (1995)1 and the Manufacturers’ claimed performance data. The 
consequence of occupants interacting with the system will be investigated and 
compared. The additional effect of unintentional air leakage through the building 
envelope was also considered.
5.1 Computer Software-ContamW 2.4
The multizone indoor air quality and ventilation analysis computer program 
CONTAMW was chosen as the simulation tool for this investigation. Developed by the 
Building and Fire Research Laboratory of the National Institute of Standards and 
Technology (NIST) the programme is well suited to analyzing the effects on IAQ and 
energy of different ventilation strategies2* 3. The programs’ ability to simulate 
interzonal airflow and contaminant transportation within a multizone models was 
discussed by Presily et al4. The software can investigate the differences in airflow rates 
obtained by varying different building features and weather conditions including the 
size and placement of ventilation openings in the building envelope, the orientation of 
the building to prevailing wind, and outdoor temperature difference5. The simulation 
tool was also capable of predicting contaminant concentrations necessary to assess the 
indoor air quality in existing buildings when based on occupancy patterns6. A detailed
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summary of the software simulation techniques is presented in the literature review 
Chapter 2.
5.2 Methodology
Models representative of a semi detached house and a first floor flat were created within 
the software program, incorporating the performance requirements of a natural 
ventilation system as detailed in AD-F Ventilation (1995)1. The performance 
requirements for the background ventilators within the Approved Document, were 
described in geometric terms and not as air flow characteristics. The ventilator 
performance data, used within the models therefore, was gathered from test data 
obtained during the laboratory testing carried out at the Manufacturer’s testing facilities 
as discussed in Chapter 4.
Typical moisture and other pollutants (formaldehyde, carbon monoxide and CO2) 
production profiles based on occupant schedules and activities were produced.
A range of air permeabilities were also applied to the two base case models to represent 
air leakage through the external facades of the dwellings. As the actual leakage rates of 
the dwellings at the site were unknown four representative values were chosen as 
follows in accordance with the Energy Saving Trust (EST) guidelines for Energy 
Efficient Best Practise in housing
1. 1 m3/hr/ m2 - recommended advanced best practise suitable for whole house 
mechanical systems.7
2. 3 m3/hr/ m2 - recommended best practise as well as the infiltration rate used 
to calculate the ventilation rates within AD-F 2006 7&8
3. 5 m3/hr/m2 - recommended good practise7
4. 10 m3/hr/ m2 - max infiltration rate recommended within 2006 regulations 9
Each of the infiltration rates were applied to the base case models in turn and the 
simulations run. The measured on-site installed performance data and the 
Manufacturers’ published performance data for the systems component parts were then 
substituted in the models in succession and the simulations re-run.
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It was assumed that all background ventilators were open all of the time with windows 
always closed. Two further scenarios were also applied to the models in turn and 
simulated:-
1. The site performance system with all the background ventilators closed and 
windows closed.
2. The site performance system with all the background ventilators open plus the 
bathroom and kitchen windows opening on an occupant activity based schedule.
The simulations were carried out on a fifteen minute basis over the UK heating season 
(October to April) within the multi-zone ventilation models to allow room by room 
analysis assuming the air was fully mixed within all the rooms. The simulations 
predicted the average heating season ventilation rate achieved within the two chosen 
dwellings, under the assumed indoor conditions.
The results from the simulations were based on average whole dwelling results as well 
as a room-by-room analysis over the seven month period. The results included room- 
averaged concentrations for each of the pollutants studied, as well as predications of the 
average whole dwelling air change rate.
The ventilation heat loss (VHL) due to infiltration and ventilation by outdoor air was 
calculated for each of the ventilation scenarios from10
Where:
Cp = Specific heat capacity J/kg °C 
Nv = Air Change Rate per Hour (ACH1) 
Tim = Internal Temperature (°C)
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Error analysis was also undertaken to account for possible errors within the laboratory 
testing of the ventilators as the performance characteristics included in the model were 
calculated ffom measured data. The laboratory test equipment was calibrated as 
described in Appendix 2 reported to have a reliability of +/- 1%. A sensitivity study 
was carried out to ascertain the percentage error within the simulation results.
The simulation results obtained ffom the two dwellings could not be directly compared 
between the two properties since the dwelling geometries were not identical therefore 
the installed ventilation systems, comprised of a different number of component parts. 
The assumed occupant densities and moisture profiles were also different. However to 
establish if acceptable IAQ had been achieved within the dwellings under the conditions 
applied and based on the findings ffom the Literature review the following same 
analysis criteria were used to examine the results for both dwellings:
• The results were interrogated to discover initially the average percentage relative 
humidity (RH) experienced within each of the dwellings under the assumptions 
made as well as the number of hours the dwellings experienced an average 
percentage RH above 70%. The analysis for both dwellings was based on the 
percentage RH threshold as described in BS525011. An average % RH of <50% is 
generally considered to be acceptable within a space during the average UK heating 
season with %RH of >60% judged to be favourable conditions for dust mites. The 
standard also recommends the percentage RH, which is a good indicator of the risk 
of condensation and mould growth, should not exceed 70% for lengthy periods of 
time. The revision of Building Regulation AD-F in 2006 indicated a more specific 
criterion for the length of time %RH should not exceed 70% and 90%. However as 
the dwellings under consideration were constructed prior to the adoption of AD-F 
(2006) the amendments to the document were not considered in this study8.
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• The simulation results obtained for the internal bathroom in the semi-detached 
house were independent of the effects ffom air leakage due to the geometry of the 
model. The different performances levels of one fan was therefore also investigated 
and compared.
• The dispersal rate of the other pollutants, Formaldehyde and Carbon Monoxide, 
were examined and compared against the recommended World Health Organisation 
(WHO) acceptable level of concentrations within the dwellings12.
o WHO exposure limit for formaldehyde:
• 100 jLig m"3 based on a 30 minute exposure period12.
o WHO recommends the following exposure limit to Carbon Monoxide for the 
general population:
• 30 mgm'3 (25 ppm) for 1 hour12
3 12• 10 mg m' (10 ppm) for 8 hours .
• The maximum concentration levels of Carbon Dioxide (CO2) were also evaluated. 
Research shows that indoor levels of CO2 >1,000 ppm suggest inadequate 
ventilation rates within an occupied space13. The same benchmark level was 
therefore used within this study to evaluate the IAQ predicated within the two 
dwellings. The simulation results for all the indoor pollutants were imported into 
Microsoft Excel and manipulated to investigate through frequency distribution 
analysis the peak concentration levels predicted for each of the dwellings principle 
rooms. The percentage of time the pollution concentrations levels were predicted to 
be equal to, or greater than, the WHO recommended limits.
• The simulation results for the predicated mean winter ventilation rates were also 
imported into Microsoft Excel and the average whole dwelling air change rate per 
hour (ach1) calculated. The hourly air change rates experienced during the 
simulated seven months were compared against recommended domestic ventilation 
rates of between 0.5 and 1.00 ach'1 as described in BS525011 and CIBSE Guide 
B214.
• A comparison was made between the air change rates predicted for three of the 
ventilation scenarios when applied to both the dwellings assuming an infiltration 
rate of 3 m3/hr/m2 recommended best practise 7.
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• The calculated ventilation heat loss based on the predicted average whole dwelling 
air change rates, obtained from the simulations results for each of the ventilation 
scenarios, were compared for both the dwellings.
5.2.1 Models
Models of the chosen dwellings were created using detailed original plans obtained 
from the site office on the development. A summary of the input data included in the 
models are shown in Tables 5-1 & 5-2 with a schematic layout of both the properties 
represented in Figs 5-1 & 5-2. The schematic diagrams show the window positions 
around the dwellings, as well as the location and quantity of background (trickle) 
ventilators and fans in accordance AD-Part F(1995)1. Full details of all the data inputs 
including schedules and any assumptions made are included in the Appendix 3- 
Sectionl
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House model -Semi-Detached (3 bedrooms)
Details Value




Floor to Ceiling height Internal dimensions 2.3m
Room Temperatures Schedule 18-21 °C
Air Permeability Variable 1,3,5 and 10 m3/hr/ m2 @ 50Pa
Ground floor Internal Door Purpose Provided Ventilation




Living room 1 Door Open 2-4,000mm5 None
Dining room 1 Door Open 2-4,000mm2 None
Kitchen 1 Door Open 1-4,000mm2 1
Cloakroom 1 Door closed Internal room 1
Hall (stairs up)
1** Floor
Bed 1 1 Door Schedule 2-4,000mm2 None
Bed 2 1 Door Schedule 2-4,000mm2 None
Bed 3 I Door Schedule 2-4,000mm2 None
Bath 1 Door closed Internal room 1
En-suite 1 Door closed l-4,000mn?" 1
Landing (stairs down)
Table 5-1: Summary of Semi-Detached House Input Details
Flat Model -First Floor (2 bedrooms, mid floor in a 3 storey block)
Details Value
Foot Print: Area Internal dimensions 50.57 m2
No Storeys 1
Floor to Ceiling height Internal dimensions 2.3m
Room Temperatures Schedule 18-21 °C
Air Permeability Variable 1,3,5 andlO m3/hr/ m2 (3) 50Pa
First floor Internal Door Purpose Provided Ventilation




Living/Dining room 1 Door Open 2-4,000mm2 None
Kitchen 1 Door Open 1-4,000mm2 1
Bed 1 1 Door Schedule 2-4,000mm2 None
Bed 2 1 Door Schedule 2-4,000mm2 None
Bathroom 1 Door closed 1-4,000mm5 1
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Figure 5-2: Schematic -First Floor Flat Floor Plan
5.2.2 Data Input
In order to examine how ventilation rates and IAQ varied throughout the heating season 
a transient weather file was applied to both the models which included hourly weather 
values. However, to run a transient simulation within the software internal temperature 
schedules were also required therefore the data gathered from a previous study was 
applied to both the models in conjunctions with a test reference year weather file from 
Kew, UK15.
To account for the variation in height o f the two dwellings, different wind pressure 
profiles were applied to both the models as detailed in Figs 5-3 and 5-4. The terrain 
coefficients for both models were set to urban values to represent the dwellings location 
on a large housing development.
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Figure 5-4: Wind Pressure Profile (Two Storey House)
The air flow characteristics for the background (trickle) ventilators incorporated within 
the software models were derived from the measured air flow data as described in 
Chapter 4. The variation in system performance between the recommended performance 
o f  AD-F 19951 and the Manufacturers’ state performance data was only the 
performance o f the intermittent extract fans. The Manufacturers’ measured data was 
verified with the data obtained for this study as discussed in Chapter 4.
1. Occupancy
The occupancy profiles applied to the models were derived from the information 
gathered from the on-site survey.
• Occupant density:
■ The survey results indicated that adults predominately occupied the flats 
with an average occupancy of 1.8 therefore only 2 adult profiles were 
applied to the flat model.
■ All the semi detached houses which featured in the survey were occupied by 
2 adults and an average of 2 children aged between 5-11 years old. The 
occupant profiles were therefore created to reflect an average family of four.
• Occupant activities:
The Occupant activity schedules detailed in Tables 5-3 and 5-4 were based upon the 
information gathered from the survey. The survey results (discussed in Chapter 3) 
indicated families occupying the semi-detached houses with school aged children 
were generally not at home during weekdays. The results also showed professional 
couples primarily occupying the flats with most indoor activities being carried out in 
the evenings or at weekends.
Schedules were created to represent the usage of the intermittent extract fans to 
coincide with the relevant occupant activities. It was assumed therefore that the fan 
would be utilised during times of bathing and cooking.
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Semi-Detached House














Kitchen 0.00-7.30 0 0 off
7.30-7.45 1 0 off
7.45-8.00 2 0 on 7.50-8.00
8.00-8.15 1 1 off
8.15-8.30 1 2 off
8.30-18.00 0 0 off
18.00-19.00 1 0 off
19.00-19.30 1 0 on 19.15-19.30
19.30-21.00 0 0 off
21.00-0.00 0 0 off
Dinning 0 0 0
WC 0 0 0 off





En-Suite 0.00-7.00 0 0 off
7.00-7.30 1 0 on
7.30-21.30 0 0 off
21.30-22.00 1 0 on
22.00-0.00 0 0 off












Bathroom 0.00-7.30 0 0 off
7.30-8.00 0 1 on
8.00-19.30 0 0 off
19.30-20.30 0 1 on
20.30-0.00 0 0
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Kitchen 0.00-8.30 0 0 off
8.30-8.45 1 0 off
8.45-9.00 2 0 off
9.00-9.15 2 1 on 9.15-9.30
9.15-9.30 1 2 off
9.30-12.00 0 0 off
12.00-12.30 1 0 onl2.15-12.30
12.30-17.45 0 0 off
17.45-18.00 1 0 off
18.00-18.45 1 0 on 18.30-18.45
18.45-19.00 0 0 off
19.00-19.30 0 0 off
19.30-19.45 1 1 off
19.45-21.00 0 0 off
21.00-0.00 0 0 off




WC 0 0 0 off





En-Suite 0.00-8.00 0 0 off
8.00-8.30 1 0 on
8.30-21.30 0 0 off
21.30-22.00 1 0 on
22.00-0.00 0 0 off














Bathroom 0.00-8.30 0 0 off
8.30-9.00 0 1 on
9.00-19.30 0 0 off
19.30-20.30 0 1 on
20.30-0.00 0 0 off
Table 5-3: Occupant Week-day/Week-end Schedule Semi Detached House
First Floor Flat
Week Day Occupancy Schedule Fan
on/off
Room Time No: Adults






Bed 2(Study) 0.00-20.15 0
20.15-22.15 1
22.15-0.00 0






















Week-End Occupancy Schedule Fan
on/off
Room Time No:Adults




Bed 2(Study) 0.00-20.00 0
20.00-21.30 1
21.30-0.00 0




























Table 5-4: Occupant Week-day/Week-end Schedule First Floor Flat
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2. Indoor Pollutants
A total o f three types o f pollutant emission profiles were applied to the models:
Moisture: -  Generated by occupants (asleep and awake) and their activities, such as 
cooking, bathing, dishwashing, washing and drying clothes. Table 5-5 below is a 
summary o f the assumed moisture generation rates per day for the various activities 
carried out within the two dwellings. The assumptions applied to the models were 
based on the moisture production detailed in BS 525011,1EA annex 27 1' and 41 |,s as 
well as information gathered from the site survey. The background moisture 
production rates applied to the models are detailed in Figs 5-5, 5-6 & Figs. 5-7, 5-8. 
Full details o f  the profiles are included in Appendix 3 -  Section 1
Moisture Production by Source 
Sem i-Oetadied House (Week-day)
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Figure 5-5: Week-day Moisture Production Semi Detached House
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Figure 5-6: Week-end Moisture Production Semi Detached House
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Figure 5-7: Week-day Moisture Production First Floor Flat
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Moisture Production by Source
First Floor Flat (Week-end)
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Figure 5-8: Week-end Moisture Production First Floor Flat
The total moisture production for both the house and flat indicate a dry occupancy 
during the week as described in Table 5-5, consistent with properties that are 
unoccupied during the day as described in BS5250". However it was assumed that 
the total moisture production would increase in both dwellings during the week-end 
by approximately 28% due to longer periods o f occupancy and extra indoor 
activities. In accordance with BS5250" both dwelling would still be classified as a 
dry occupancy.
Summary Moisture production (g)
Activity House Flat
W/Day W/End W/Day W/End
People 2060 3020 1300 2010
Cooking 2000 3000 1200 1400
Bathing 1200 1200 900 1200
Washing/Drying
Clothes
200 500 0 250
Dishwashing 400 400 400 400
Total (g) 5860 8120 3800 5260
Total (Ku> 5.9 8.1 3.8 5.3
Table 5 -5 : Summary of Moisture Production in both Dwellings
In addition to including the moisture profiles in the models a moisture buffering 
element was also added to each room. The effects o f the building fabric plus 
internal furnishings need to be taken into account when predicting internal relative 
humidity. The moisture buffering therefore was a method o f  adding a sink to the 
model which damps down any moisture swings’7.
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Carbon dioxide (CO2): -The metabolism of the building occupants generates carbon 
dioxide in the indoor environment. Concentrations are dependent upon the number 
of occupants as well as the duration of occupancy within a space. The emission rate 
for this pollutant within the model was therefore related to the occupants’ location 
within the dwelling whether awake or asleep, and the duration of time spent in a 
particular room. The background level of CO2 was assumed to be constant at 730 
mg m"3 (400 ppm)13. Per room emission rates were calculated according to the 
occupants assumed movements around both the dwellings. Details of the occupants 
movements, coupled with the associated CO2 emission rates are included in 
Appendix 3- Section 1
Volatile Organic Compounds (VOC): -  Formaldehyde was chosen as the single 
pollutant to represent the group of compounds which are referred to as VOC. The 
continuous constant emission rate incorporated in each room of the models as 
detailed in Table 5-6, was calculated on a floor area-weighted basis, based on the 
assumption that the background outdoor level of formaldehyde was constant at 
2pg m"3 ,5.
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Bed 1 10.7 0.743
Bed 2 8.3 0.576













Table 5-6: Assumed emission of Formaldehyde for each of the rooms in the 
dwellings
An additional pollutant, carbon monoxide (CO) was added to only the kitchen of the 
house model to represent emissions generated during gas cooking. The pollutant 
was introduced with a constant emission rate of 0.469 mg.m'3 for a limited time 
period which coincided with the assumed evening meal cooking schedule as detailed 
in the occupant schedules included in Appendix3 Section I l3. The pollutant was not 
included in the flat model as no gas was supplied to the flats on the development.
5.3 Results
The graphs and tables within this section show the predicted IAQ from the ContamW 





The average percentage relative humidity (RH) predicted to be experienced within both 
dwellings are detailed in Figs 5-9 & 5-10 below. The figures show a graphical 
representation o f  how the various ventilation system performances affect the whole 
dwelling average percentage RH under the assumed conditions.
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Figure 5-9: Predicted Average % RH Experienced in the Semi Detached House 
with 4 background air infiltration rates_________________________________









B.'Regs (1996) Vents Open Manufactuers Data -Vents Actual On Site Data-Vents On S te  Data Window Actual On S te  Data-Vents
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Figure 5-10: Predicted Average % RH Experienced in the First Floor Flat with 
4 background air infiltration rates_____________________________________
1 4 3
The average percentage RH experienced in the principle rooms of both the dwellings 
was investigated and the graphical results are presented in Appendix 3- Section 2
The data present in Table 5-7 and 5-8 highlights the predicted number of hours the 




Air Permeability Rate m3/hr.m2
l 3 5 10
Number of Hours RH >70%
B/Regs(1995) Vents Open 3422 3000 2707 2166
Manufacturers’ Data Vents Open 2772 2415 2203 1820
Actual On Site Data Vents Open 4540 3950 3464 2703
Actual On Site Data 
Window Opening Schedule 
Vents Open
4467 3895 3407 2647
Actual On Site Data Vents Closed 7714 6202 4797 3309




Air Permeability Rate m3/hr.m2
I 3 5 10
Number of Hours RH >70%
B/Regs (1995) Vents Open 2155 1484 1291 1076
Manufacturers’ Data Vents Open 1635 1132 995 839
Actual On Site Data Vents Open 5067 3443 2793 2140
Actual On Site Data 
Window Opening Schedule 
Vents Open
4946 3273 2593 1902
Actual On Site Data Vents Closed 10015 6078 4406 2979
Table 5-8: Ventilation Rate Predicted for the First Floor F at
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The simulation results obtained for the internal bathroom were independent o f the 
effects from air leakage due to the geometry o f the model. Fig 5-11 demonstrates the 
effects the different fan performances o f one fan would have on the average %RH 
within the internal bathroom under the assumed conditions.
Average % RH Experienced in an Internal Bathroom with Varying Fan Performance Data within the 









B/Regs (1995) Fan Onfy Actual On Site Data Fan Only
Figure 5-11: Predicted Average Percentage RH for the Internal Bathroom of 
the Semi Detached House
• Carbon Dioxide (CO2)
The maximum levels o f Carbon Dioxide (CO2) predicted for each o f  the principle rooms 
w ithin the dwellings during the seven months o f the UK heating seasons are detailed in 
Table 5-9 for the semi-detached house, and Table 5-10 for the first floor flat. The 
percentage o f time CO2 levels were predicated to be > 1,000 ppm was also calculated, 
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Figs 5-12 & 5-13 highlight the frequency distribution o f the predicted CO2 levels in the 
master bedroom o f the house and flat respectively under worst case conditions. 
Frequency distribution graphs for all the principle rooms, within both the dwellings, 
were produced for all the scenarios consideration and are included in Appendix 3- 
Section 2
Frequency Distribution of Predicted Carbon Dioxide Levels in Bedroom-1 of a Semi-Oeteched House 
Ventilation System: Installed Performance-Background Ventilators Closed 
{BlnfHliatton Rate 1m3/hrftn21
Carbon Dioxide (ppm)
Figure 5-12: Frequency Distribution of Predicted Carbon Dioxide Levels in 
Bedrooml of a Tight Semi Detached house- Ventilators Closed___________
Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom-1 of a First Floor Fist 
Ventilation System: Installed Prrformeice-Background Ventilators Closed
]BlnSllraHonR*al m3ffsrirg|
Carbon Dioxide (ppm)
Figure 5-13: Frequency Distribution of Predicted Carbon Dioxide Levels in 
Bedrooml of a Tight First Floor Flat - Ventilators Close________________
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•  Formaldehyde
The diagrams detailed in Fig 5-14 & 5- 15 show the predicted average formaldehyde 
concentration within the whole o f the dwelling for the semi-detached house and the first 
floor flat respectively for the various ventilation system performances
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Figure 5-14: Predicted Average Formaldehyde concentration within the whole of 
the dwelling for the Semi-Detached house_________________________________
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Figure 5-15: Predicted Average Formaldehyde concentration within the whole of 
the dwelling for the First Floor Flat
1 5 1
• Carbon Monoxide
The levels o f  carbon monoxide (CO) predicted to occur in the kitchen o f  the semi­
detached house from cooking, was evaluated, and frequency distribution graphs were 
created for increments o f  8 hours Fig.5-16 highlights the highest levels o f  CO predicted 
from the simulation results. Frequency distribution graphs for all the simulation results 
are included in Appendix 3 - Section 2
Frequency Distribution of Predicted Carbon Monoxide Levels in the  Kitchen of a Sem i-Detached House 
Ventilation System : Installed Perform ance-Background V entilators Closed
■  Infiltration Rate 1 m3/hr/m2 |
n nJl J O Jo
0.5 1 1.5 2 2.5 3 35  4 45  5 5.5 6 65 7 7.5 8 85  9 9.5 10 10.5 11 11.5 12
Carbon Monoxide m g/m 3
Figure 5-16: Frequency Distribution levels of Carbon Monoxide predicted to 
occur in the Kitchen of the Semi-Detached House
5.3.2 Air Change Rates
The average winter ventilation rates predicated for both the semi-detached house and 
the first floor flat are detailed in Tables 5-13 and 5-14.
Semi-Detached House
Performance Data
Air Permeability Rate m3/hr.m2
I 3 5 10
Average Air Change Rate acIT1
B/Regs(1995) Vents Open 0.15 0.19 0.24 0.35
Manufacturers’ Data 
Vents Open
0.17 0.21 0.26 0.36
Actual On Site Data 
Vents Open
0.13 0.17 0.23 0.33
Actual On Site Data 
Vents Closed
0.02 0.07 0.12 0.21





Air Permeability Rate m3/hr.m2
1 3 5 10
Average Air Change Rate ach"1
B/Regs (1995) Vents Open 0.34 0.50 0.61 0.82
Manufacturers’ Data 
Vents Open
0.38 0.53 0.65 0.85
Actual On Site Data 
Vents Open
0.19 0.32 0.43 0.67
Actual On Site Data 
Vents Closed
0.03 0.15 0.26 0.51
Table 5-14: Predicted average winter ventilai 
Flat
ion rates within the First Floor
The results of the frequency distribution analysis were used to evaluate the percentage 
of time the predicated ventilation rate lay within a given range, under the assumed 
conditions for the variables and scenarios under investigation, the results are as detailed 
in Tables 5-15 & 5-16. The range was defined as follows:
Heading Range
Low: <0.4 ach






Air Permeability Rate at 50 Pa 
m3/hr.m2
1 3 5 10
Percentage of Time (%)
B/Regs (1995) Vents 
Open
Low 98 97 93 57
Good 0 1 5 41
High 2 2 2 2
Manufacturers’ Data 
Vents Open
Low 95 91 89 56
Good 3 7 9 42
High 2 2 2 2
Actual On Site Data 
Vents Open
Low 98 98 97 60
Good 2 2 3 39
High 0 0 0 1
Actual On Site Data 
Vents Closed
Low 98 98 98 96
Good 2 2 2 4
High 0 0 0 0
Table 5-15: Percentage of time the predicted Venti 
Range -  Semi Detached House






Air Permeability Rate at 50 Pa m3/hr.m2
1 3 5 10
Percentage of Time (%)
B/Regs (1995) Vents 
Open
Low 69 40 19 7
Good 27 45 56 52
High 4 15 25 41
Manufacturers' Data 
Vents Open
Low 68 40 19 7
Good 26 43 56 52
High 6 17 26 41
Actual On Site Data 
Vents Open
Low 91 68 49 28
Good 9 28 37 37
High 0 4 14 35
Actual On Site Data 
Vents Closed
Low 100 92 64 41
Good 0 8 27 32
High 0 0 3 27
Table 5-16: Percentage of time the predicted Venti 
Range- First Floor Flat
ation Rates lie in a given
Figs 5-17 (semi-detached house) & Fig 5-18 (first floor flat) show the distribution o f 
ventilation rates predicted for three o f  the ventilation scenarios when applied to the 
dwellings with an infiltration rate o f  3 m 7hr/ m \
Frequency Distribution of Predicted Ventilation rates within a 
Sem-Detached House for Three Ventilation System Performances 





n a fl I II  Ik a . ,_ _ _  „  _
J’J '  JJP  S ' ?  o - j r  * ■ £>
Air Change Rate
B  B/Regs (1995) Vents Open BActual On Site Data Vents Open □  Actual On Site Data-Vents Closed j
Figure 5-17: Frequency Distribution of Ventilation Rates predicted for three of 
the ventilation scenarios -  Infiltration Rate 3 m3/hr/m2 -  Semi Detached House
1 5 4
Frequency Distribution of Predicted Ventilation rates within a First Floor Flat for Three Ventilation System
Performances 
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Figure 5-18: Frequency Distribution of Ventilation Rates predicted for three of 
the ventilation scenarios -  Infiltration Rate 3 m3/hr/m2 -  First Floor Flat
5.3.3 Ventilation Heat Loss
Graphical representations o f the total ventilation heat loss calculation for each o f the 
ventilation scenarios when applied to the dwellings are detailed in Figs 5-19 and Fig 5- 
20. The results were calculated for the duration o f  the UK heating season based on the 
predicted air change rates obtained from the simulations results.
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Figure 5-19: Predicted Ventilation Heat Loss -Semi Detached House
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Figure 5-20: Predicted Ventilation Heat Loss -First Floor Flat
5.4 Analysis & Discussion of Results
The simulation results for each o f  the dwellings were studied independent o f  each other 
and therefore not compared due to many differences between them.
5.4.1 Indoor Pollutants
• Moisture
The simulation results detailed in Figs.5-9 (semi-detached house) and 5-10 (first floor 
fiat) highlight the effects the various ventilation scenarios had on the predicted whole 
dwelling average percentage (%) RH. The semi-detached dwelling fitted with a 
ventilation system performing as installed on site, compared to a system performing as 
recommended in the AD-F (1995)', would experience an increase in average %RH o f 
6%, and the first floor flat would experience an increase o f 11%. A ventilation system 
performing as described by the manufactures data would on average remove the most 
moisture from the dwellings as a whole.
The simulation results for both the dwellings indicated the effects on the whole dwelling
average %RH o f opening the bathroom and kitchen window was minimal. The results
showed only a difference o f  approximately 9% for the house, and up to 2% for the flat
depending upon the infiltration rate. A possible reason for this could be the short period
o f time the windows were assumed to be open. The window opening schedules created
within the models for both sets o f  w indows were based on the results obtained from the
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observations as discussed in Chapter 3. Due to the low ambient temperatures during the 
winter months the windows were assumed to be only cracked open for a short period of 
time during cooking and bathing.
The results for the average % RH experienced within the semi detached house indicated 
a negligible effect for the varying infiltration rates, although the number of times the 
average %RH was >70% was reduced in the model representing a leaky house. The 
results also showed that opening windows at times of high moisture production reduced 
the number of hours the % average RH would be greater than 70% in both dwellings. 
For the house a difference of approximately 2% was indicated and up to 11% for the flat 
depending upon the infiltration rate. The number of hours the average % RH, could 
exceed 70% was over 6,000 hours during the heating season, in both the dwellings, if 
the background ventilators were closed and the infiltration rate was 3m3/hr.m2at 50 Pa. 
As a general guide in BS525011 it is suggested that %RH remaining above 70% within a 
space for several days would encourage the growth of mould on the surfaces of external 
wall. The simulation results indicated therefore that the conditions inside both 
dwellings, with this assumed scenario, could support the germination of mould growth.
The average % RH experienced in the principle rooms of the two dwellings were 
analysed separately from the whole dwelling results. The results obtained for the living- 
room, kitchen, en-suite bathroom and master bedroom of the semi-detached house 
(Appendix 3- Section 2 Figs. A3-2-1 to 4), were extracted from the simulations. The 
simulations predicted that all the four rooms would experience average relative 
humidity within a range of approximately 50% to 60% depending upon the performance 
of the ventilation system installed, with the varying infiltration rates exhibiting minimal 
effect. The results only showed a significant increase in the average % RH levels when 
the background ventilators were assumed closed. The kitchen and living room in a tight 
dwelling with the ventilators assumed closed, were predicted to experience average % 
RH >90%. However, in models representing dwellings with leakage rates of 3 m3/hr.m2 
at 50 Pa or above, the results indicted the average %RH in all four rooms would be 
below 70%, even when the background ventilators were assumed closed. The results 
shown in Fig A3-2-4 for the en-suite bathroom indicated an average % RH <50% 
would be experienced in this room, if the dwelling was fitted with a ventilation system 
performing in accordance with the Manufacturers’ published performance figures, 
independent of the infiltration rates. A 10% increase in the average %RH was 
predicated for the same room in a dwelling fitted with an identical ventilation system
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performing as measured at the site. The overall results indicated the distribution of 
average % RH experienced throughout the semi-detached house would, not be within 
the recommend limits of BS525011.
The principal rooms examined in the first floor flat were also the living-room, kitchen, 
master bedroom and the bathroom. Graphical representations of the predicted results are 
detailed in Appendix 3- Section 2 Figs. A3-2-5 to 8. Unlike the predicted results 
obtained for the house model, the average %RH remained below 70% in the living 
room, and kitchen in an assumed tight dwelling with the background ventilators closed. 
The bathroom and bedroom in the flat however, experienced average %RH of over 80% 
under the same assumed conditions. Fig A3-2-7 illustrates the results obtained for the 
average % RH experienced within the bathroom highlighted the effects of the various 
system performances, including the additional effects of applying a window opening 
schedule to the model. The average %RH was predicted to be below 50% with an 
optimum performing ventilation system irrespective of the air permeability rate. An 
identical system with a performance as measured in the show home on-site would be 
unable to achieve average %RH of below 55% even in a leaky dwelling with an 
infiltration rate of 10 m3/hr.m2 at 50 Pa. The results from the models incorporating an 
opening window schedule indicated a reduction in the average %RH of between 2- 4% 
depending upon the infiltration rate, compared to the results for the on-site system 
performance without opening the windows. The bathroom was one of the rooms that the 
open window schedule was applied to, it was therefore expected that the affects of 
opening the window was shown to be significant. The overall results indicated the 
distribution of average % RH experienced throughout the flat would be within the 
recommend limits of BS525011 if the system performed as per the manufacturers’ claim 
performance, independent of the dwelling infiltration rate. A ventilation system 
performing as described in AD-F (1995)1 would also maintain an average % RH within 
the recommend limits of BS525011 with infiltration rates of 3 m3/hr.m2at 50 Pa and 
above.
Fig 5-11 demonstrates the affects the various fan performances would have on the 
average %RH of the air within the enclosed space of an internal bathroom under the 
assumed conditions. The results indicated the average %RH experienced in the space 
was predicted to increase by 17% in a bathroom fitted with a ventilation system 
performing as measured on-site, compared to a system performing as recommendation 
by ADF 19951.
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• Carbon Dioxide (CO2)
The maximum peak CO2 (ppm) levels predicted in each of the principle rooms of both 
the dwellings were identified from the frequency distribution analysis as summarised in 
Tables 5-9 and 5-10 . The results showed for both the house and the flat the peak levels 
of CO2 were predicated in the main bedroom of tight dwellings, with background 
ventilators closed. Peak levels of above 1000 ppm were indicated for all the rooms in 
both the dwellings, with the magnitude of concentration dependent upon a combination 
of ventilation system performance and infiltration rates. As expected the results 
predicted tight dwellings, with a ventilation system performing as installed on site, 
experienced higher peak concentrations. The only room predicted to have a maximum 
CO2 level below 1,000 ppm was the bathroom in a leaky flat with an optimum 
performing ventilation system. The results indicated the maximum concentration would 
be 5% below the 1,000 ppm benchmark.
The percentage of time the principle rooms in the semi-detached house and first floor 
flat were predicted to experience CO2 levels >1,000 ppm were summarized in Tables 5- 
11 & 5-12 respectively. As expected the results indicated the percentage of time all the 
principle rooms experienced CO2 levels >1,000 ppm reduce in dwellings with high 
infiltration rates and optimum performing ventilation systems.
The results suggested that inadequate IAQ could be experienced within the bedrooms of 
tight dwellings with ventilators and windows closed. The results for the semi-detached 
house showed that almost 100% of time the predicted level of CO2 would be >1,000 
ppm in all the bedrooms. The first floor flat bedroom results predicated the level of CO2 
would be >1,000 ppm for 91% of the time during the heating season.
The percentage of time the concentration of CO2 would be >1,000 ppm was predicted to 
reduce by approximately 30 % when background ventilators were assumed open, 
compared to closed in a bedroom of a tightly constructed dwelling. The reduction was 
less noticeable in a leakier dwelling due to the influence of higher infiltration rates. In 
the bedroom of a leaky house the percentage of time CO2 >1,000 ppm reduced by 11% 
and in the bedroom of the flat by 8%.
For both the dwellings the results indicated the levels of CO2 in the bedrooms were 
higher than the other principle rooms for a greater percent of the time, independent of
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the ventilation system performance, or the air permeability rate through the exposed 
facade. This could be attributed to the concentration levels of CO2 applied to the 
original models, and the duration of time the bedrooms were assumed to be occupied 
with doors closed.
The frequency distribution graphs presented in the results section for both the dwellings 
(Fig 5-12 -house and Fig 5-13- flat) illustrated the percentage of time the range of 
concentration levels during the winter months were experienced within the master 
bedrooms of tightly constructed dwellings with background ventilators closed.
However care is required when interpreting CO2 data. Although 1,000 ppm is 
considered an indicator of poor ventilation and hence potential IAQ problems, it does 
not in itself cause health problems. Only at levels of 5,000 ppm is there clear evidence 
that CO2 directly causes health problems. At lower values there has been some 
correlation between health effects and CO2 but these are thought to be attributed to other 
pollutant levels described as a ‘cocktail effect’ and the C0 2 as an indicator of poor 
ventilation. It should also be noted that as external levels increase due to the burning of 
fossil fuels internal CO2 levels will also rise regardless of the ventilation rate.
• Formaldehyde
The predicted average formaldehyde concentration, for the whole dwelling, in both of 
the models was found to be excessive. The results, displayed graphically in Figs 5-14 
and 5-15 highlighted the average concentration levels predicated for each of the 
ventilation scenarios over the total simulation period of seven months. The average 
concentration in a leaky dwelling, with a system performing as recommended by AD-F 
1995, were found to be 50% greater than the WHO recommendation of 100 pg/m3 for 
30 minutes12. The average results indicated therefore that peak concentration levels 
would exceed the WHO recommendations regardless of the ventilation system 
performance, or the air tightness of the dwelling. A BRE (1997) study of 173 domestic 
UK properties found average formaldehyde concentrations to be approximately 4jig/m3 
in the bedrooms and 76pg/m3 in the living room, indicting further, the predicted results 
from this study were exceptionally high18. A probable cause could be the background 
level of formaldehyde applied to the models as described in section 5.2.2, was assumed 
too high and that actual VOC emission rates are significantly lower..
160
• Carbon Monoxide (CO)
The frequency distribution analysis for the CO concentration levels in the kitchen of a 
tight dwelling, with the background ventilators closed, is illustrated in Fig 5-14 in the 
results section above. The predicted results indicated that the WHO recommended 8 
hour exposure guideline of 10 mg/m3 was only exceeded for 1.1% of the time12. The 
frequency distribution charts for all the other ventilation scenarios assisted by varies 
levels of background infiltration were shown to maintain the CO level below the 
recommended guidelines12 as detailed in Appendix 3- Section 2
5.4.2 Air Change Rates
The simulation results showed the affects the various ventilation system performances 
had on the whole dwelling ventilation rates, coupled with the range of air tightness 
applied to the models. As was expected the highest air change rates were experienced 
when both the dwellings were assumed to be leaky and fitted with optimum performing 
ventilation systems.
The average winter ventilation rates predicated for both the semi-detached house and 
first floor flat models are detailed in tables 5-13 and 5-14. The results indicated that 
under average UK heating season weather conditions, the semi detached house would 
not achieve the minimum recommended air change rate of 0.5 ach'1 under any of the 
ventilation scenarios considered. A leaky dwelling with a system performing as 
measured on site was predicated to achieve an air change rate of only 0.33 ach'1,
34% below the recommendation for adequate IAQ.
The results obtained from the flat simulations indicated the average air change rate 
could be maintained at approximately 0.5 ach'1, if the air permeability rate was 3 
m3/hr.m2 at 50 Pa, and the installed ventilation system performed as recommended in 
ADF- (1995)1. Alternatively a ventilation system performing as measured on site would 
require the leakage rate to be >5 m3/hr.m2 at 50 Pa to achieve a similar average 
ventilation rate. However, if the ventilators were closed an infiltration of
3 210 m /hr.m at 50 Pa would be required to maintain adequate IAQ as recommended at 
the time of construction.
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The results of the frequency distribution analysis were used to evaluate the percentage 
of time the predicted ventilation rate for each model lay within a given range, under the 
assumed conditions for the variables and scenarios under investigation.
The semi-detached house results (Table 5-15) predicted the dwelling would experience 
air change rates below 0.4 ach'1 for almost 100% of the time, unless an infiltration rate 
of 10 m3/hr.m2 at 50 Pa was assumed with back ground ventilators always open, 
independent of the ventilation system performance.
The first floor flat results (Table 5-16) indicate the predicated ventilation rates would lie
within the range of 0.4 to 0.7 ach'1 for 45% of the time. However, this was only found
to be true with an infiltration rate of 3m3/hr.m2 at 50 Pa or above, and a ventilation
system performing as recommended in ADF (1995)1 or better assuming background
ventilators were always open. A ventilation system performing as installed at the site,
and an equivalent infiltration rates, was only predicted to achieve ventilation rates
within this range for 37% of the time. The results showed for infiltration rates of 1 and 3 
*>
m /hr.m at 50 Pa, and a ventilation system performance as measured on the site 
(ventilators always open), the predicted ventilation rates would be < 0.4 ach'1 for 91% 
and 68% of the time respectively. The predicated ventilation rates with the background 
ventilators closed were as expected the more leaky the dwelling the higher the 
percentage of time the ventilation rate lay within the range of 0.4 to 0.7 ach"1. A tight 
dwelling however with the background ventilators closed could experience < 0.4 ach’1 
for 100% of the time.
A comparison was made between three of the ventilation system scenarios when 
installed in a dwelling with an infiltration rate of 3 m3/hr.m2 at 50 Pa. Figs 5-17 and 
5-18 in the results section detail the distribution of ventilation rates predicted for both 
the dwellings, both graphs displayed a positively skewed distribution. The results 
indicated the ach'1 for the semi-detached house would predominantly be below the 
recommended 0.5 ach'1 independent of the ventilation system performance. The results 
for the flat, indicated the number of hours the IAQ would be described as inadequate 
was 21% higher with a ventilation system performing as measured on site compared to 
a system performing as recommended by AD-F (1995)1, closing the background 
ventilators would increase the number of hours by up to 32%
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5.4.3 Ventilation Heat Loss (VHL)
The results of the VHL calculations for the house and flat are detailed in Figs 5-19 & 
5-20 respectively. The VHL is directly proportional to the predicted ventilation rate (see 
equation 4). The tighter the dwelling construction coupled with a poorly performing 
ventilation system the lower the calculated ventilation heat loss. However, the results 
showed as a consequence of VHL reduction the IAQ could be compromised. The results 
highlight the need to create a balance between adequate IAQ requirements and the 
necessity for energy efficiency. Avgelis A et al (2005) discussed how adopting an 
integrated building approach when establishing IAQ guidelines and standards would be 
the most appropriate method to accomplish both acceptable IAQ and energy 
conservation19
5.5 Conclusions
The simulation results indicate that the IAQ within the two dwellings could be 
compromised due to a combination of factors:
• The performance of the installed ventilation system
• The interaction of the occupants with that system.
• The level of air leakage through the external building envelope.
The results of this study indicated that under average UK heating season conditions,
IAQ could be significantly affected in tightly constructed dwellings if background 
ventilators were closed.
The simulation results for the house indicated the natural ventilation system proposed 
for that property was inadequate. A system installed and performing as recommended in 
AD-F (1995)1 failed to meet the minimum rate of ventilation required to achieve 
adequate IAQ, or maintain average %RH <50% in the leakiest dwelling. The onsite 
installed performance was shown to further compound the problem with ventilation 
rates predicted below 0.4 ach"1 for 60% of the time in a leaky dwelling. The poor 
performance of the ventilation system could be attributed to the overall design of the 
dwelling which was not sympathetic to a natural ventilation system. The positioning of 
the windows and background ventilators primarily on one fa9ade would inhibit the flow 
of air throughout the dwelling.
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The simulation results for the flat predicted a natural ventilation system installed to 
Manufacturers’ standards, and performing as recommended in AD-F (1995)1 would 
achieve adequate IAQ for more than 45% of the time for a dwelling with an infiltration 
rate 3 m3/hr.m2 at 50 Pa. The VHL predicated for the same flat would be below 1,000 
kWh for the duration of the heating season. However, a system performing as measured 
on site with the same infiltration rate would only achieve adequate IAQ for 28% of the 
time, but the VHL would be reduced by 36%.
The results gathered from the occupant survey as detailed in Chapter 3, indicated 
occupants preferred to close the background ventilators during the winter months due to 
experiencing ‘draughts’, but also reported there was little to no visible evidence of 
mould growth or condensation within these dwellings. It was concluded therefore, based 
on the simulation results that the dwellings were either very leaky, especially the house, 
and/or the occupants were diligent in operating the ventilation system to alleviate the 
conditions such as stuffiness as well as high incidences of condensation. However, this 
type of activity was not communicated by the occupants during the on-site survey.
All the conclusions drawn from the simulation results, as with any computer simulation 
study, were highly dependent upon the assumptions made and applied to the models.
For example, both the dwellings under investigation were assumed to have a dry 
occupancy, and therefore any increase in moisture production applied to the models 
would affect the predicted average % RH results, and the conclusions being drawn. At 
present there is a limited amount of data available on how occupants’ interact with the 
ventilation systems installed in their homes. Although there are several studies 
investigating moisture production and predicated % RH levels within dwellings.
During the course of this study the assumptions made, and subsequently applied to the 
software models were gathered from previous studies, and where possible actual data 
was gathered either directly from the site under investigation, or measured in a 
laboratory. It is however likely that several of the assumptions made may be incorrect. It 
was concluded therefore, that more studies especially field studies, should be carried out 
within this area to gather actual data representative of families living in the UK today. A 
general more comprehensive data-base of information would be invaluable to building 
scientists tasked with the responsibility of designing ventilation systems based on
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software modelling, capable of providing adequate IAQ whilst achieving energy 
efficiency.
The results of this investigation indicated that tightly construct dwellings would provide 
a reduction in ventilation heat loss, but at the expense of IAQ if ventilation systems 
were not performing as designed or used as intended and that there was considerable 
evidence that this may be the case. It was concluded therefore that a balance should be 
drawn between the requirement of IAQ for the health and comfort of the occupants, and 
the need to construct tighter dwellings in the name of energy efficiency. The philosophy
JOof ‘Build Tight -  Ventilate Right’ has started to make an impact on all newly 
constructed dwellings in the UK with adoption of AD Part L (2006) and mandatory air 
tightness testing9. However, the results of this study indicate that only 50% of the 
philosophy is being regulated. Ventilation system performance as described in the 
building regulations may not be providing the designed ventilation rate due to inferior 
installations. It would be recommended therefore that installed performance testing 
should become part of the building regulations requirements, in line with the air 
tightness testing to truly apply the ‘Build Tight -  Ventilate Right’20 philosophy.
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This chapter presents the key conclusions from the field study, laboratory measurements 
and computer modelling. Specific reference is made to the research objectives 
indentified in Chapter One. Consideration will also be given to the limitations of the 
adopted research strategy and the difficulties encountered in obtaining meaningful data 
from questionnaires and interviews. The chapter concludes with a summary of the 
contribution made to current knowledge, together with recommendations for further 
research.
This thesis examined the design, installation, occupant use and subsequent performance 
of domestic ventilation systems installed in UK dwellings, based upon a field study of a 
housing development constructed in 2003/04, laboratory and field, measurements and 
computer simulations. As the background infiltration rate of dwellings is reduced to 
minimise heat loss, the role of purposefully provided ventilation in maintaining 
acceptable levels of indoor air quality becomes more important. The thesis examined if 
this “build tight ventilate right” approach is being applied successfully, by investigating 
how the “as built” performance of the ventilation system compares with the desired 
performance as stipulated in building regulations and by manufactures design 
specifications. The performance of extract fans and background (trickle) ventilators 
were tested on site and in laboratory tests rigs to gain valuable data on how these 
systems perform in practice. Site observations of window opening patterns and doorstep 
interviews with occupants were used to gain an insight into occupant behaviour in 
relation to the use of the ventilation systems installed in their homes, and the 
consequences in terms of reported levels of mould and condensation. The impact of the 
real performance of the systems compared to the expected performance is further 
examined by the use of computer simulation, to predict the ventilation heat loss, and 
pollutant concentrations in dwellings with different levels of air permeability.
6.1 Summary
The overall conclusion drawn from this study was that the philosophy of ‘Build tight
ventilate right’1, was only being partially considered, because in theory we do ventilate
right but not in practise, and as a result the IAQ within UK dwellings could be
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comprised. The results from the software models indicated that tightly constructed 
dwellings would provide a reduction in ventilation heat loss, but at the expense of IAQ 
if ventilation systems were not performing as designed or used as intended.
6.1.1 Performance and Use of Installed System
It was discovered that the natural ventilation system installed on the Cambridgeshire 
site was found not to be performing as designed, or used as intended. The system 
component parts underperformed, compared to the requirements as described in the 
building regulations due to:
• Poor installation of ductwork and or extract fans led to a reduction in fan 
performance levels by as much as 93% below the manufacturers claimed 
performance.
• Fans tested under laboratory conditions did not achieve air flow rates quoted by 
the Manufacturer.
• Inferior routing of the slot through the window frame led to a 38% reduction of 
flow through the background (trickle) ventilators.
• Anti-weathering techniques applied by the window manufacturers inhibited the 
flow through the ventilators by as much as 46% compared to the ventilator 
manufacturers’ performance data.
The occupants of the dwellings investigated did not always use the installed ventilation 
systems as anticipated.
• Background ventilators closed during the winter months to avoid ‘draughts’ 
were not reopened in spring.
• Fans were turned off due to excessive noise
• Security issues influenced ground floor window opening patterns in both houses 
and ground floor flats during the late evening or early morning.
• Ambient conditions effected occupants’ window opening habits. For the 
temperature range investigated (0°C to 25 °C), the results showed, as the 
ambient air temperature increased, window opening increased exponentially (see 
Fig. 3-8).
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The results of this study and literature review revealed that there is very little data 
available on the performance of domestic ventilations systems, and on how occupants 
interact with these systems. No evidence from either academic studies or from 
manufactures could be found which measured the installed performance of domestic 
ventilation systems, in particular the performance of the component parts used to form 
the basis of a natural ventilation system generally found in most UK dwellings. This 
thesis therefore provides valuable and much needed information on the “real” 
performance of ventilation systems as “installed” in the UK
6.1.2 Ventilation System Design
The simulation results for the field study house also indicated the design of the natural 
ventilation system installed in the property was inadequate. The minimum rate of 
ventilation required, as described in AD-F (1995) was not achieved even in the leakiest 
dwelling2. It was therefore not possible to establish an optimum level of background 
infiltration for this property type. The natural ventilation system installed in the flat 
however, was predicted to achieve adequate IAQ for the majority of the time, providing 
the ventilation system performed as described by the Manufacturers’, and the occupants 
used the system as intended with an infiltration rate of 3 m3/hr.m2 at 50 Pa or above.
Both dwelling types, although very different in design, were fitted with the same 
ventilation systems, with only minor adjustments to some of the component parts. From 
the results of the simulations, it was concluded that the approach o f ‘one system type 
fits all designs’, was not appropriate for the two properties investigated. Different 
property types may require different ventilation systems, which have been sized taking 
in-situ performance and real levels of background infiltration in to account. This 
suggests that a ‘one design type fits all’ strategy for domestic ventilation systems may 
not be appropriate for UK dwellings.
6.1.3 Indoor Air Quality
A quarter of the households interviewed (N=40) reported conditions of mould growth 
within these new dwellings. To correct the condition the residents reported opening 
windows in addition to running the extract fan. The results of the survey indicated this 
reduced the incidence of mould growth by 62% compared to households who used
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extract fans with open background (trickle) ventilators. These results suggested that 
purge ventilation was required to avoid the conditions of mould growth within new 
dwellings. The fact that people opened windows more frequently than assumed in the 
models could explain why higher incidence of mould growth were not reported. 
However, this relatively uncontrolled method of ventilation will have a serious impact 
on energy consumption. As fuel costs rise people will start to control their window 
opening habits and if the existing controllable ventilation systems; fans and background 
(trickle) ventilators are not properly installed and controlled then potential future health 
problems could result.
If occupants in general choose to close background (trickle) ventilators, in airtight 
properties, this may lead to problems, where adequate levels of IAQ will not be 
achieved, especially if background infiltration in new dwellings is reduced to almost 
zero. An alternative approach could be to provide some type of automated control for 
the ventilators so they would not remain closed. However there is some evidence from 
the field study that current ventilators cause discomfort, this would need to be 
researched further. It was concluded therefore that a balance should be made between 
the requirement of IAQ for the health and comfort of the occupants, and the need to 
construct tighter dwellings in the name of energy efficiency.
6.1.4 Holistic Strategy
The conclusions drawn during this investigation indicated there was a need to re­
evaluate how ventilation requirements for UK dwellings are established. The findings 
demonstrated the necessity for a holistic approach to be taken. The significance of 
installed performance as well as the importance of occupant interaction with the system 
installed in dwellings both needed to be considered in conjunction with the infiltration 
rates, as well as the required ventilation rates to provide adequate indoor air quality. In 
addition the suitability of the system to the dwelling design and location should also be 
a consideration.
The study has illustrated the importance of testing and monitoring dwellings built to 
current regulations before considering further changes in the future. How occupants in 
the UK today perceive the IAQ within their homes, and how they adjust the indoor 
climate to suit their needs, should all be considered in parallel with the actual installed 
performance of the system and the infiltration rate of the dwelling. The worst future
171
scenario will be a generation of buildings which are airtight and energy efficient but 
unhealthy for occupants.
6.2 Research Limitations
The main limitation of this study is the small sample size and that it is based on results 
and observations from only one housing development. This was constraint by practical 
and resourcing issues. The results should therefore be treated with some caution as they 
may not be representative of the performance of all new UK dwellings. The size of the 
sample also limits the statistical significance of results.
The ventilation system installed in all the dwellings was identical, with minor 
modifications to some component parts. Testing of the parts was therefore restricted to 
specific Manufacturers’, both on site and in the laboratory. Comparison testing of other 
manufactures products would have been beneficial to the overall outcome of the study. 
The performance data presented by the ventilator Manufacturer was in some cases 
incomplete. Although the re-testing of the ventilator systems studied in this 
investigation did agree with the original data, preferably the re-testing should have been 
carried out at an independent test house to eliminate any repeatable errors within the 
instrumentation and/or testing facility. However, there was a time restriction on the 
amount of testing which could be successfully completed and the availability of a free 
testing facility was limited
The site selected for the study comprised primarily of privately owned properties and no 
arrangements with the residence had been established prior to conducting the site 
observations. The collection of photographic evidence of the window opening patterns, 
especially during the evening and night time observations was therefore restricted.
The sample size is too small to allow statistically significant conclusions to be made. 
The sample size was limited by resources and respondents caution and reluctance to 
divulge information which they interpreted as ‘security sensitive’. Only 33% of all the 
properties observed actually participated successfully in the interview process. Gaining 
the confidence of the householders appeared to be the key element required to 
successfully completing the questionnaire. It became apparent that as the interviews 
progressed, the occupants became more at ease and were prepared to talk more freely. 
This however created a problem as 15% of the households interviewed gave conflicting
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answers to questions at the beginning of the interview, compared with the end which led 
to some confusion within the results.
Pressure testing a small sample of the properties under investigation would have 
undoubtedly been desirable. This would have allowed the air permeability of the house 
to be measured and to confirm if they were indeed leaky. Unfortunately difficulties 
were encountered in gaining access to privately owned dwellings to carry out such tests. 
In addition this was not originally budgeted for in this unfunded PhD study. A range of 
infiltration rates were therefore applied to the software models to give an indication of 
the affects of infiltration on IAQ within the two sample dwellings.
The drawbacks associated with software modelling techniques are as documented win 
Chapter 2. The results obtained and presented from the computer simulations were all 
susceptible to the accuracy of the assumptions made within the models, which in turn 
impacted on the conclusions drawn. Within this study the numbers of assumptions 
applied to the models were minimised, as data gathered from the field study was applied 
to the models wherever possible. However, the lack of opportunity to access and 
monitor inside the occupied dwellings limited the type of data acquired from the site. 
Actual indoor temperatures were therefore not available to apply to the models; 
consequently assumptions were made along with many others as detailed in Chapter 5. 
VHL calculations were performed based on the simulation results. However, due to the 
absence of information regarding the indoor environment of the dwellings it was only 
possible to provide an estimate of probable VHL effects. Conversely the affect of 
overheating within the dwellings was also not possible to establish. As a result it could 
not be verified if the window opening patterns were influenced through overheating.
However, although the sample size within this study was small the results appear to be 
consistent with what is often anecdotally reported. In addition other studies are now also 
reporting considerable variations between theory and practise in the environmental 
control of building3.
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6.3 Contribution to Knowledge and Policy
IAQ within domestic dwellings could be compromised if tightly constructed dwellings 
are fitted with poorly installed ventilation systems, or the occupants of the dwelling 
don’t use the system as designed, or both. This combination could result in the re- 
introduction of condensation and mould growth problems in newly constructed UK 
dwellings. This study provides clear empirical evidence to support this statement and 
quantify the likely impact.
Ventilation system performance as described in the building regulations may not be 
providing the designed ventilation rate in newly constructed dwellings, due to 
inadequate installation of the ventilation system component parts. There would appear 
to be a case to call for a legislative regime to inspect and if possible test the ventilation 
systems of new dwellings as they are completed. The findings from this study highlight 
two specific issues with the installation of the component parts which comprise the 
performance of a natural ventilation system within a UK dwelling which should be 
addressed:
1. Consideration should be given to the installations of the intermittent extract fans. 
The installation should be checked thoroughly by qualified personnel with the 
knowledge of fans and ductwork, rather than by an electrician who is solely 
qualified to wire the fan. Fan manufacturers should also make installation as fool 
proof as possible with clear markings to remove components which are only 
need for specific installations.
2. The aerodynamic performance of background ventilators improved with the 
adoption of BS EN 13141-Part l4. However there was no requirement within 
that standard to control the size or shape of the slot the ventilator covers as in 
other European countries. Convoluted slots with torturous air paths were all 
found to inhibit the performance of the ventilators when fitted to the window 
systems.
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The simulation results indicated IAQ within the two dwellings tested could be seriously 
compromised due to the poor performance of the installed ventilation system 
particularly as buildings become more airtight. It would be recommended therefore that 
installed performance testing regime should become part of the building regulations 
requirements, in line with the air tightness testing as introduced in the revision of AD- 
PartLl (2006)5.
If dwellings are to be naturally ventilated it may not be possible to further reduce air 
permeability without introducing the following measures:
i) An inspection regime to ensure that ventilation systems perform as designed,
ii) Education of occupants on how to use the ventilation systems
iii) Automatic controls for the system with improved design for comfort.
Without these measures, the only suitable type of ventilation system for very air tight 
dwellings maybe whole house mechanical ventilation systems with heat recovery. 
However, it is very likely that such systems will also underperform due to poor 
installation, maintenance and occupant control unless regularly tested and serviced. In 
addition it will be equally important to educate the occupants by providing detailed 
information of appropriate use of the system installed in their home.
The BRE, in partnership with the Manufacturers’ of domestic ventilation systems, have 
produced guidelines to encourage the correct installation of mechanical ventilation 
systems and installed performance data for each type of system to be available. 
However, the methodology presented for gathering the data was all laboratory based 
under ideal conditions. At the time of writing, none of these guidelines or procedures 
extended to the component parts of a natural ventilation system: Background (trickle) 
ventilators or intermittent extract fans.
6.4 Recommendations for Further Research
It is recommended that a larger study be conducted to include several new housing 
developments from different areas around the country. This study focussed on 
dwellings fitted with trickle ventilators and intermittent extract fans, it would be 
interesting to study the performance of other ventilation systems, for example, MVHR, 
continuous supply and continues extract systems. Future studies should also be
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extended to include monitoring inside the dwellings, particularly of temperature and 
relative humidity, to gather an insight into the internal environment. This would allow a 
more in depth analysis of the risks of condensation and mould associated with different 
ventilation systems, and explore how occupant use of the ventilation system is related to 
internal conditions. Also ventilation rates could also be monitored with tracer gas 
techniques.
Actual VHL calculation could then be performed and the affects, if any, of overheating 
could be established to discover if that was an instigator for winter time window 
opening. In addition the orientation of the windows should be included to determine if 
the positioning of the window influenced any recorded overheating within the dwellings 
The properties studied during this investigation predominantly faced north south, or 
south north, with a few exceptions orientated east west. Many of the houses were 
detached, with windows on more than 2 facades and all the town houses, and some of 
larger detached houses had sky lights. Factors which could have contribute to the effects 
of overheating and consequently the window opening habits of the occupants.
When designing background ventilators, all components parts, the ventilator, the slot 
routed into the window and the canopy should be considered. To fully understand the 
performance implications of different design decisions, the use of computational fluid 
dynamics software should be considered.
The BRE guidelines produced to encourage the correct installation of mechanical 
ventilation systems should be broadened to include background (trickle) ventilators and 
intermittent extract fans. The guidelines should also consider extending the 
methodology for gathering installed performance data from actual dwellings.
In addition it would also be recommended that a further investigation be carried out into 
the ventilation habits of various age groups of the population. The AIVC report 
suggested that as people grew older the less they ventilated their homes6. As there has 
not been any other research into this area for almost 20 years could it be that this was a 
life style choice of a certain generation and worth revisiting particularly as the 
percentage of elderly people is predicted to increase in the future. Could it be that as the 
young people of 20 years ago become the older generation of today do their ventilation 
habits change or does the conclusion to the research alter with each generation?
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It was concluded therefore, that more studies, especially field studies should be carried 
out within this area to gather actual data representative of families living in UK 
dwellings today, as well as the performance of the systems installed in those dwellings. 
A general more comprehensive database of information would be invaluable to building 
scientists tasked with the responsibility of designing energy efficient ventilation systems 
for UK dwellings.
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1.1.4 Typical Window Installations
Fig.Al- 46 Houses: Side Hung and Top Hung Casement Windows
k •• M.
.A A .
F ig.A l-47 Houses: RoofLites
Fig.A l-48 Flats: Two types o f Sliding Sash
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1.2 Section-2 Questionnaires
1.2.1 Record of Interviews
Interview Record
Interview Date: Time: Temp: Property Type: Plot No:
1 2"^ April 06 16.30 12 3 storey mid terrace 78
2 2nd April 06 17.10 12 3 storey mid Terrace 105
3 2nd April 06 17.25 12 3 storey mid terrace 106
4 2nd April 06 17.40 12 3 storey Semi 114
5 9th April 06 14.50 7 GF Flat 99
6 9th April 06 15.15 7 SF Flat 102
7 9th April 06 16.15 7 3 storey mid terrace 28
8 9*April 06 15.45 7 FF Flat (top floor) 19
9 9th April 06 16.00 7 2 storey detached 98
10 12th Nov 06 13.30 10/11 Coach House 123
11 Nov 06 13.45 10/11 2 storey detached 110
12 12th Nov 07 14.10 17 3 storey end terrace 67
13 12th Nov 06 14.25 10/11 3 storey mid terrace 69
14 12th Nov 06 14.35 10/11 3 storey mid terrace 70
15 12th Nov 06 15.00 10/11 GF Flat 104
16 18th Feb 07 14.30 7 2 storey semi 1
17 18* Feb 07 15.10 7 2 storey mid terrace 5
18 18th Feb 07 15.35 7 2 storey detached 8
19 25* Feb 07 11.00 10 GF Flat 12
20 25th Feb 07 11.15 10 FF Flat 13
21 25th Feb 07 11.30 10 GF Flat 22
22 25th Feb 07 11.45 10 FF Flat 23
23 25* Feb 07 12.10 10 2 storey end terrace 9
24 25* Feb 07 12.45 10 3 storey mid terrace 11
25 18* March 07 15.00 8 3 storey end terrace 122
26 18th March 07 15.20 8 3 storey Semi 121
27 18th March 07 15.40 8 2 storey detached 77
28 18* March 07 16.10 8 2 storey mid terrace 49
29 29* April 07 12.30 18 SF Flat 92
30 29* April 07 12.35 18 GF Flat 94
31 29* April 07 12.45 18 3 storey mid terrace 88
32 29* April 07 13.00 18 3 storey end terrace 107
33 29* April 07 13.10 18 2 storey detached 109
34 29th April 07 13.15 18 Coach House 108
35 7* May 07 16.10 17/18 3 storey mid terrace 36
36 7* May 07 16.45 17/18 FF Flat 16
37 7*~May07 17.05 17/18 2 storey end terrace 30
38 7* May 07 17.10 17/18 2 storey mid terrace 31
39 7th May 07 17.20 17/18 2 storey semi 42
40 7* May 07 17.40 17/18 3 storey Semi 118
202
1.2.2 Interview Questionnaire (Sample)
Interview Date: Time: Temp: House Type: Plot No:
I am a Researcher doing a PhD at The Bartlett, University College London and I am 
investigating the ventilation practises of the occupants on this housing development. 
Would it be convenient for me to speak with you for approximately 10 minutes about 
the ventilation system fitted in your home and how you use it?




















2. How many people live in the house?
Adult Children
<20 21-39 40-64 65+ <5 5-11 12+
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3. Do any of the occupants smoke inside the home YES / NO
4. Do you do anything to remove the smoke?
















6. When adjusting windows or BV what prompts you to do so and for how 
long
























7. When using the extract fans how long are they running and do you open any 
Windows or Vents at the same time?
















8. Under normal circumstances what would instigate you to change the 
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2.1 Section 1 Test Equipment
2.1.1 Test Laboratory
The laboratory testing facilities comprised o f three air flow test rigs designed in 
accordance to BS848 part 1/ ISO 5801:1997'. The schematic diagram, Fig A2-1 details 
a description o f the equipment including an itemized list identifying all the component 
parts. Fig A2-2 below shows the actual test facilities and details two o f the test rigs 
used to test the performance o f the background ventilators. The third test rig in the 
laboratory was only operated to assess the performance o f the mechanical ventilation 
devices, due to a larger chamber being required as detailed at item 2 on the schematic. 
The third rig also incorporated more sophisticated equipment for recording the power 
consumption o f the fan being tested as well as the flow rate and pressure differentials. 




Fig.A2-l Schematic Diagram o f Test Rig_________________________________________
1. Test piece drawing air from the chamber.
2. The chamber to provide evenly distributed air to the inlet o f the test piece. The 
pressure is measured within this chamber to determine a free inlet condition is 
met or to measure an applied resistance to the test piece.
3. Pressure tappings on the chamber to measure the pressure at the intake o f the 
test piece.
4. Diffusers to ensure that air is evenly distributed within the chamber.
5. Transition section.
6. Length o f duct after the orifice plate to allow the air exiting orifice plate to be 
distributed evenly without turbulence prior to entering the chamber
7. 7. Orifice plate -  the pressure drop across the plate is measured to determine the 
volume flow through the airflow test rig and therefore the volume flow through 
the test piece. The pressure drop is measured using a mass flow meter accurate 
to within ± 1% F.S. The HFM -200 Mass flow meter corrects for standard 
barometric pressure and temperature conditions. No additional calculations are 
required the measurements can be read directly from the instruments.
8. A length o f duct to allow the turbulent air leaving the auxiliary fan to become 
laminar flow prior to entering the orifice plate.
9. Air straighteners to assist in reducing air turbulence from the auxiliary fan.
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10. Auxiliary fan to overcome the resistance o f the ducts and orifice plate to provide 
zero resistance at the inlet to the test piece. The auxiliary fan is speed controlled 
to allow the system to be balanced and adjusted during the test procedure.
Fig.A2-2 Test Rigs at the Test Facilities Fig.A2-3 Instrumentation console 
Mechanical Fan Test Rig________
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2.1.2 On-Site Testing
The in-situ performance data was gathered by carrying out on site testing o f  the fans 
installed in the two show homes on the development. The instrumentation used 
consisted o f a simple hand held vane anemometer with capture hood. Given the 
restrictions of obtaining data within a show home environment, and the necessity for 
non intrusive or destructive testing this instrumentation was found to be best suited.
2.1.2.1 Instrumentation
The 100mm rotating vane anemometer measures the airflow stream, created by the fan, 
through the rotation of the vane blades. Any adverse frictional effects are minimised 
through the aid o f small ball bearing race contained within the rotating mechanism. The 
vane blade rotation is then sensed by a magnetic sensor which converts the signal to a 
direct velocity measurement displayed on a small digital LCD screen.
f T i
( j )  M
®  4 X . ?
0  V.____„ S  0  V  y
Fig.A2- 4 Clipping the anemometer into collar o f the hood
Accuracy o f airflow results from vane anemometers can be affected by the positioning 
o f the instrument, especially the angle o f  the vane in respect to the airflow. An angle of 
+/- 12 degrees would be associated with a typical 1% error in the accuracy o f the 
measurements. The capture hood was therefore used to ensure, as far as possible, the 
accuracy of the measurements being taken. The anemometer vane surround was clipped 
into the collar o f the hood, as detailed in Fig A2- 4, with the direction o f flow arrow 
located on the vane head, in line with the direction of flow. The hood was then firmly 
and squarely positioned against the wall or ceiling where the fan was installed, 
completely covering the inlet grill to the fan. The fan was then switched on and the 
hood used to create a resistance against the air stream, which channelled the air flow 
smoothly through the anemometer. The effects of the resistance and the impact on the 
accuracy o f the measurements inside the hood were compensated for by applying a 
correction factor o f 0.00625, derived from the manufactures calibration chart for inlets
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greater than 95 mm. A copy of the calibration charts is detailed below in Figure A2-5. 
Each o f the fan installations were tested three times, and an average o f the results 
calculated. Photographic evidence o f all the tests being conducted were collected and 






2.2 Section 2-lntermittent Extract Fan Testing
2.2.1 Laboratory Test Methods
The wall mounted kitchen 100/5” axial fan was discontinued by the Manufacturer and 
therefore no longer available from the supplier. It was only possible therefore to test the 
bathroom centrifugal and axial fans in the laboratory.
Both o f the available product samples were initially mounted on to individual wooden 
boards and logged numerically for future reference. The wooden boards facilitated the 
secure positioning o f the samples, on to the test rig. Prior to all tests the rig was 
calibrated and tested for leakage. The first tests were performed with the fans unloaded 
as described by industry as a ‘bench test’ to ascertain the fan performance prior to 
connecting any ductwork.
A system was then set up to simulate a typical cavity wall installation representative o f 
the installations on the Cambridgeshire site. General use ductwork both ridged and 
flexible was available at the testing facility, but the gravity grilles were more 
challenging to acquire. A similar type o f grille was therefore used as a substitute, with 
the same aperture dimensions as the grilles installed on the site. The sample grilles 
tested are detailed in Figs A2-6 & A2-7 below and the fans supplied for testing are 
detailed in Figs. 10 & 11
Fig A2-6 Gravity Grille test sample
Fig A2-8 Axial fan sample
Fig A2-9 Centrifugal fan sample
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Both o f the fans were first tested with 325mm o f rigid plastic, 100mm diameter outlet 
duct terminating with a gravity grille. The tests were then repeated for both samples, 
and the gravity grilles replaced with open grilles to ascertain the effects, if any o f the 
different grille types. All tests were carried out in accordance with ISO 5801 (BS 848)1 
test procedure for a Category B configuration as detailed in Fig.l o f  the main text. The 
test set up was then changed to accommodate a flexible length o f ducted o f the same 
diameter and length. Both fan types were connected to the ductwork in turn and tests 





. .  L
1 —- i ~ f
Fig.A2-10 Right angle bend Fig.A2-l 1 5m Length o f Flexible 
Ductwork
The centrifugal fan was further tested in accordance with ISO 5801 (BS 848) Category 
B3. to simulate a ceiling installation; initially with 3m, then 5m and 6m o f outlet flexible 
ducting, pulled taught and, connected to a right angled bend immediately on the fan 
spigot as shown in FigA2-10, and terminated with the gravity grille. The test was 
repeated with ridge ductwork o f the same lengths terminated with the same gravity 
grille as detailed in Fig A2-11.
The volume flow performance (m 7h) and input power (W) were measured for each o f 
the test scenarios’ with a supply voltage o f 230V. Measurements were taken when the 
differential pressure within the plenum chamber was brought to zero through the 
adjustment o f the auxiliary' fan speed. The performance measurements for the test fan 
were read directly from the test rig instrumentation panel when steady state conditions 
were reached. The test results were recorded directly into a Microsoft excel spread 
sheet, and logged numerically corresponding with the test piece identification number.
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2.2.3 O n-site T est R esults
On- Site Testing Record
Date Fan Room Installation Grille Duct Q
Type m3/s I/s m3/hr
Dec Axial Bathroom thru wall GG X 0.0067 6.69 24.084
0.0068 6.79 24.444
0.0072 7.16 25.776
Avg 0.0069 6.9 24.768
Axial Kitchen thru wall GG X 0.0032 3.2 11.52
0.0033 3.3 11.88
0.0031 3.1 11.16





Avg 0.0373 37.33 134.4
Centrifugal Bathroom ceiling GG X 0.0042 4.2 15.12
0.0044 4.4 15.804
0.0043 4.3 15.48
Avg 0.0043 4.3 15.468
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2.2.4 Evidence of on-site Test Results
Axial Bathroom - 0.0069 m3/s (24.768 m3/hr)
Axial Kitchen - 0.0032 m3/s (11.52 m3/hr) 
 Boost - 0.0373 m3/s (134.40m3/hr)
Centrifugal Bathroom- 0.0043 m3/s (15.47 m3/hr)
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2.2.5 Repeatability of On-Site Test Results
An independent test was carried out to test the repeatability o f the instrumentation used 
to test the fans on site. An arbitrary independent fan installed in a bathroom was 
repeatedly tested following the same procedure as described in item 2.1.2 above using 
the same hand held vane anemometer with capture hood.
Test No: A B C
m3/hr
1 22.4 22.3 21.7
2 23.2 22.2 21.2
3 21.5 21.9 21.5
4 21.8 22.1 21.6
5 21.6 21.7 21.7
6 21.3 22.1 21.5
7 21.6 22.7 21.3
8 22.0 21.6 21.2
9 22.8 22.8 22.1
10 22.1 21.7 21.5
Ave. 22.0 22.1 21.5
A & B were from cold
C - fan running for 1 Hr +
Table A2- 1 Repeatability Test Data
i
Fig.A2-6 Arbitrary' wall mounted Fan Fig.A2-7 Testing Arbitrary 
Fan
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2.2.6 Manufacturers’ Performance Test Data
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Fig A2-8 Axial Fans Test Data
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WALL OR CEILING-MOUNTED CENTRIFUGAL EXTRACTOR FANS 
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2.3 Section 3-Background (trickle) Ventilator Testing
2.3.1 Laboratory Test Methods
Prior to carrying out each test the rig was calibrated and tested for leakage. The test 
pieces were mounted onto the test rig on accordance with the test standard procedure. 
However due to the configuration of the installations some of the test piece could not be 
mounted on the rig in true accordance with the standard. During the test, each of the 
samples, were subjected to a range of pressure differentials by initially increasing the 
auxiliary fan speed up to, and including a differential across the devices of Ap= 20 Pa. 
The test piece devices did not include any moving parts therefore, in accordance with 
the standard, it was not necessary to then take readings whilst decreasing the speed back 
down to a differential pressure of 1 Pa. The standard recommends recording volume 
flow rate (qv) and pressure difference (Ap) at various incremental steps when steady 
state conditions are achieved. All the ventilator systems representative of the on-site 
installations were tested in both a fully open and completely closed position. The test 
standard only describes a testing method for ventilators in the open position however for 
the purpose of this study test it was necessary to obtain both sets of data.
All measurements were recorded directly in to Microsoft Excel spreadsheets when flow 
conditions had stabilised and a steady state condition existed. Each test was individually 
numbered to correspond with the test piece identification number. Prior to performing 
any analysis all the measured data was adjusted, if necessary, for any recorded 
background leakage. The results were then plotted graphically and the points fitted to a 
power law curve, with the equation of the curve displayed. The flow rate through the 
sample ventilator system was then calculated from the power law equation, for a set of 
differential pressures within the range of the measured data. The calculated results for 
each test piece, including the graphical plot, were presented alongside the measured raw 
data within each individual spreadsheet. The test procedure was then repeated in reverse 
to acquire data for the air flowing in both directions either from ventilator to canopy (or 
grille) or canopy (grille) to ventilator. The equivalent area of each ventilator was also 
calculated from the test data and detailed within each individual test data sheet, along 




2.3.2.1 Slot Only Tests
Date: Test No: I SLT-uPVC-Slot-jfOP SLOT ONLY TEST
Oct Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test










Slot sizes: 173.5-20-173.5 h13mm
Leak Test 0.03 rn^/hr at 99.98 Pa I .... I
M easured Data



































Fig.A2-10 uPVC slot only
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Date: Test No: | SLT-TMB-Slot-jfOT SLOT ONLY TEST
s’*1 Oct Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test










Slot sizes: 151.5-10-151 h16mm





















Stot only through Tnfcer Section



















Fig.A2-l 1 Timber slot only
2 2 6
2.3.2.2 Standard Ventilator Tests
Date: Test No: I SLT-TF-uPVC-VC-JF01
5m Oct Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test






Window Frame Type: General uPVC
Mounting: | Through the Frame
Ventilator: Vent S13-4000
Canopy/Grille: Canopy C13-4000
Slot sizes: 173.5-20-173.5 h13mm As per manufacturers instructions
Leak Test: 0.02m 7hrat 99.82 Pa I . . .  I
Measured Data
Direction of Flow:
Canopy to Vent 
(Ambient inlet)




AP Q Pressure AP Q 
Pa m3/hr Pa Pa m3/hr
1 0.99 8.06 1 0.96 8.02
2 2.06 12.12 2 2.03 12.25
4 3.97 16.63 4 3.86 17.09
8 8.45 24.45 8 8.19 25.08
10 10.16 26.75 10 10.11 28.07
15 15.06 32.79 15 15.20 34.41
20 20.28 38.16 20 20.25 39.81
Performance Calculations












(canopy through vent) y »  8.218x 
R* -  0.999
Exhaust to  Ambient y g 342x° 522
(vent through canopy) _
♦  Series 1 
-------Power (Serlesl)
000 5 00 10.00 15.00 20.00 25.00
227
Calculated Results
Canopy to Vent (Ambient inlet) Vent to Canopy (Exhaust to  A m bien t)
K n K n

















1.00 8.22 2.28 2904.83 1 8.34 2.32 2948.67
2.00 11.70 3.25 2925.04 2 11.98 3.33 2993.97
3.00 14.39 4.00 2936.92 3 14.80 4.11 3020.80
4.00 16.67 4.63 2945.38 4 17.20 4.78 3039.98
5.00 18.67 5.19 2951.96 5 19.33 5.37 3054.94
6.00 20.49 5.69 2957.35 6 21.26 5.90 3067.22
7.00 22.17 6.16 2961.91 7 23.04 6.40 3077.64
8.00 23.73 6.59 2965 87 8 24.70 6.86 3086.69
9.00 25.20 7.00 2969.37 9 26.27 7.30 3094.70
10.00 26.59 7.39 2972.50 10 27.75 7.71 3101.88
15.00 32.70 9.08 2984.57 15 34.29 9.53 3129.68
20.00 37.87 10.52 2993.17 20 39.85 11.07 3149.55
Fig.A2-12 Single Open Vent mounted in Fig.A2- 13 Canopy Mounted for testing 
Test Rig (Exhaust)______________________ (Inlet)_____________________________
2 2 8
Date: Test No: I SLT-CC-1VS13-2G13-|f02
O a Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test










Slot sizes: 173.5-20-173.5 h13mm As per manufacturers instructions
Leak Test: 0.03 m3/hr at 99.89 Pa I i ”  '  ' '
Measured Data
Direction of Flow:
Canopy to Vent Vent to Canopy
(Ambient inlet) (Exhaust to Ambient)
Pressure AP Q Pressure AP Q
Pa Pa m3/hr Pa Pa m'Vhr
1 0.88 8.03 1 0.73 8
2 1.96 11.33 2 1.85 11.3
4 4.18 16.43 4 3.93 16.32
8 8.09 23.62 8 8.06 23.35
10 9.93 25.23 10 10.07 25.13
15 15.06 31.60 15 15.24 31.6
20 19.79 36.48 20 20.03 36.19
Performance Calculations











(2-trMti through 1-vent) Y *  8.051X8
2 2 9
Calculated R esults
Canopy to Vent (Ambient inlet) Vent to  C anopy (Exhaust to A m bien t)
K n K n

















1.00 8.05 2.24 2845.80 1.00 8.02 2.23 2834.10
2.00 11.43 3.17 2856.67 2.00 11.38 3.16 2843.55
4.00 16.23 4.51 2867.59 4.00 16.14 4.48 2853.03
8.00 23.03 6.40 2878.54 8.00 22.91 6.36 2862.53
10.00 25.78 7.16 2882.07 10.00 25.64 7.12 2865.60
15.00 31.65 8.79 2888.51 15.00 31.46 8.74 2871.18
20.00 36.60 10.17 2893.08 20.00 36.38 10.10 2875.15
Fig.A2-I4 Test Piece-Single Vent cavity closure with 2 Grilles
2 3 0
Date: Test No: 1 SLT-CC-2VS13-4G13-jf03
51” Oct Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test










Slot sizes: 173.5-20-173.5 h13mm As per manufacturers instructions
Leak Test: 0.58 mJ/hr at 99.38 Pa I I
Measured Data
Direction of Flow:
Canopy to Vent 
(Ambient inlet)
Vent to Canopy 
(Exhaust to Ambient)
P ressure AP Q Pressure AP Q
Pa Pa m’/hr Pa Pa m3/hr
1 0.92 15.45 1 0.95 15.00
2 1.96 21.27 2 1.96 21.06
4 4.01 29.54 4 4.03 29.65
8 7.82 40.81 8 7.81 41.29
10 9.78 45.64 10 9.91 46.69
15 15.23 56.95 15 14.78 57.48
20 20.26 65.87 20 20.11 67.37
Performance Calculations











(4 Grilles through 2 Vents)
»* 15.68a"14 
R1 -  0.999
(2 Vents through 4 Grilles)
2 3 1
Calculated Results
Canopy to Vent (Ambient inlet) Vent to Canopy (Exhaust to A m bien t)
K n K n
15.68 0.47 15.16 0.49
Pressure Flow Flow Eqv. area Pressure Flow Flow Eqv. area
Pa mAVhr I/s mm2 Pa mA3/hr I/s mm2
1.00 15.68 4.36 5543.15 1.00 15.17 4.21 5360.58
2.00 21.73 6.04 5432.46 2.00 21.33 5.93 5332.42
4.00 30.12 8.37 5323.98 4.00 30.01 8.34 5304.40
8.00 41.75 11.60 5217.67 8.00 42.22 11.73 5276.53
10.00 46.38 12.88 5183.90 10.00 47.13 13.09 5267.59
15.00 56.13 15.59 5123.10 15.00 57.54 15.98 5251.38
20.00 64 28 17.85 5080.39 20.00 66.30 18.42 5239.91
Fig.A2-15 Grille (4) cavity closure test 
sample (Inlet)______________________
Fig A2- 16 Double vent cavity 
closure test sample (Exhaust)
2 3 2
Date: Test No: I SLT-TF-TMB-1VS16-2G16-jf04
5m Oct Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test










Slot sizes: 151-10-151 h16mm As per manufacturers instructions
Leak Test: 0.22mJ/hr at 99.82 Pa I I
Measured Data
Direction of Flow:
Canopy to Vent Vent to Canopy
(Ambient inlet) (Exhaust to Ambient)
Pressure AP Q Pressure AP Q
Pa Pa m3/hr Pa Pa m3/hr
1 0.96 7.98 1 0.92 8.02
2 2.04 12.67 2 2.01 12.25
4 4.14 18.87 4 4 04 17.09
8 8.05 24.50 8 7.79 25.08
10 9.82 26.84 10 9.32 28.07
15 14.78 33.29 15 14.88 34.41
20 20.09 39.12 20 20.03 39.81
Performance Calculations











(vent trough 2 gries)
 Power (Sanest
(2x grie through vent)
2 3 3
yCalculated Results
Canopy to Vent (Ambient inlet) Vent to Canopy (Exhaust to  A m bient)
K n K n
8.55 0.5 8.42 0.5
Pressure Flow Flow Eqv. area Pressure Flow Flow Eqv. area
Pa mA3/hr I/s mm2 Pa mA3/hr I/s mm2
1 8.56 2.38 3024 1.00 8.42 2.34 2977.86
2 12.18 3.38 3043 2.00 12.18 3.38 3043.06
4 17.33 4.81 3062 4.00 17.33 4.81 3062.10
8 24.66 6.85 3081 8.00 24.66 6.85 3081.26
10 27.62 7.67 3087 10.00 27.62 7.67 3087.46
15 33.95 9.43 3099 15.00 33.95 9.43 3098.74
20 39.31 10.92 3107 20.00 39.31 10.92 3106.78
1
- <
Fig.A2-17: Larger Vent (S16) on timber section mounted in Test Rig (Exhaust)
2 3 4
2.3.2.3 Installed Performance Tests
Date: Test No: I IP-SS-F-VC-jf05
1s* Nov Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test










Slot sizes: Canopy side H= 10mm Vent side H=15mm No through slot 11 x 
10mm dia. holes
Leak Test: 0.42mJ/hr at 99.82 Pa I I
Measured Data
Direction of Flow:
Canopy to Vent Vent to  Canopy
(Ambient inlet) (Exhaust to  Ambient)
Pressu re AP Q Pressure AP Q
Pa Pa m3/hr Pa Pa m3/hr
1 0.98 5.05 1 0.86 5.05
2 2.15 7.45 2 2.09 7.84
4 3.93 10.01 4 3.71 10.38
8 7.88 14.28 8 7.87 15.07
10 9.77 15.85 10 9.76 16.81
15 14.74 19.57 15 14.84 20.8
20 19.82 22.75 20 19.93 24.16
Performance Calculations











(canopy through vent) (vent through canopy)
♦  Series 1 
 Power (Series 1)
2 3 5
Calculated Results
Canopy to Vent (Ambient inlet) Vent to  Canopy (Exhaust to A m bien t)
K n K n

















1.00 5.08 1.41 1795.29 1.00 5.43 1.51 1918.29
2.00 7.19 2.00 1796.53 2.00 7.62 2.12 1905.04
3.00 8.81 2.45 1797.26 3.00 9.30 2.58 1897.33
4.00 10.17 2.83 1797.78 4.00 10.70 2.97 1891.88
5.00 11.38 3.16 1798.18 5.00 11.94 3.32 1887.67
6.00 12.46 3.46 1798.51 6.00 13.06 3.63 1884.23
7.00 13.46 3.74 1798.78 7.00 14.08 3.91 1881.33
8.00 14.40 4.00 1799 02 8.00 15.03 4.18 1878.82
9.00 15.27 4.24 1799.23 9.00 15.93 4.42 1876.60
10.00 16.10 4.47 1799.42 10.00 16.77 4.66 1874.63
15.00 19.72 5.48 1800.15 15.00 20.46 5.68 1867.04
20.00 22.78 6.33 1800.67 20.00 23.55 6.54 1861.68
Fig.A2- 18 Through the frame vent Fig.A2- 19 An under-side view o f the test
system installed in bathroom window sample from the same system
on site
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Date: Test No: | IP-SS-F-VC-jf05-L Leakage Test VENT CLOSED
1st Nov Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test





Test Specim en Details:




Slot sizes: Canopy side H= 10mm Vent side H=15mm No through slot 11 x 
10mm dia. holes
Leak Test: 0.32mJ/hr at 99.82 Pa I ' “ I
M easured Data
Direction of Flow:



























y = 0.082x° ** 
R* = 0.9986
Ambient Inlet 
(Leakage through closed vent)
2 3 7
Calculated Results























Date: Test No: 1 IP-CC-H-1V-1 G-jf06
5m Nov Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test





Test Specim en Details:
Window Frame Type: General uPVC
Mounting: | Over Head section (Cavity Closure)
Ventilator: Vent S13-4000
Canopy/Grille: Large 4000 Grille External mounting
Slot sizes: Grille side H= 12mm Vent side H=12mm | 1 Lonq slot 137 mm
Leak Test: 0.58mJ/hr at 99.38 Pa I I
Measured Data
Direction of Flow:
Canopy to Vent Vent to Canopy
(Ambient inlet) (Exhaust to Ambient)
P ressu re AP Q Pressure AP Q
Pa Pa m3/hr Pa Pa m3/hr
1 0.93 7.20 1 1.01 7.12
2 2.07 10.53 2 2.06 10.01
4 3.96 14.47 4 4.03 13.85
8 7.64 20.08 8 7.81 19.21
10 9.77 22.73 10 9.78 21.54
15 14.81 28.06 15 14.55 26.27
20 19.82 32.58 20 19.98 30.96
Performance Calculations













j |  20.00 
a  15.00
 Power (Seri es l)





Canopy to Vent (Ambient inlet) Vent to Canopy (Exhaust to Am bient)
K n K n

















1.00 7.39 2.05 2611.81 1.00 7.03 1.95 2484.56
2.00 10.41 2.89 2600.97 2.00 9.89 2.75 2470.82
3.00 12.71 3.53 2594.65 3.00 12.07 3.35 2462.82
4.00 14.66 4.07 2590.17 4.00 13.90 3.86 2457.15
5.00 16.36 4.55 2586.71 5.00 15.52 4.31 2452.77
6.00 17.91 4.97 2583.88 6.00 16.97 4.71 2449.20
7.00 19.32 5.37 2581.49 7.00 18.31 5.09 2446.18
8.00 20.64 5.73 2579.42 8.00 19.55 5.43 2443.57
9.00 21.88 6.08 2577.60 9.00 20.72 5.76 2441.26
10.00 23.05 6.40 2575.97 10.00 21.82 6.06 2439.21
15.00 28.16 7.82 2569.71 15.00 26.64 7.40 2431.31
20.00 32.46 9.02 2565.28 20.00 30.69 8.53 2425.72
Fig.A2-20 single vent cavity closure 
installed




Test No: IP-SS-F-VC-jf06-L Leakage Test VENT CLOSED
5mNov Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test






Window Frame Type: General uPVC
Mounting: Over Head section (Cavity Closure)
Ventilator: Vent S13-4000
Canopy/Grille: Large 4000 Grille External mounting
Slot sizes: Grille side H= 12mm Vent side H= 12mm | 1 Lonq slot 137 mm
Leak Test: 0.21mJ/hr at 99.98 Pa I I
Measured Data
Direction of Flow:



























Ambient to hlet 
(Leakage through Closed Vent)
y  = 0.0879X0 *2* 




























Date: Test No: I IP-CC-H-2V-2G-if07
5”1 Nov Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test
T est Lab Ambient Conditions Temp Air Pressure
Relative
Humidity
• c mB %
22 1002 39
Test Specimen Details:
Window Frame Type: General uPVC
Mounting: Over Head section (Cavity Closure)
Ventilator: Vent S13-4000 x2
Canopy/Grille: Large 4000 Grille x2 External mounting
Slot sizes: Grille side H= 12mm Vent side H=12mm 1 Long slot 137 mm
Leak Test: 0.61m3/hr at 101.66 Pa I
Measured Data
Direction of Flow:
Canopy to Vent 
(Ambient inlet)
Vent to Canopy 
(Exhaust to Ambient)
P ressure AP Q Pressure AP Q
Pa Pa m3/hr Pa Pa m3/hr
1 0.80 12.77 1 0.77 12.94
2 1.94 20.17 2 1.87 20.35
4 4.17 30.37 4 3.92 30.02
8 8.07 42.97 8 8.05 43.65
10 9.97 48.03 10 10.04 48.96
15 15.03 59.60 15 15.27 60.94
20 19.81 68.71 20 20.08 69.89
Performance Calculations















♦  Series 1 
 Power (Series 1)
15.00
Exhaust to Ambient 
(vent through grille) y * 14.778x‘ 
RJ = 1
70.00
♦  Series 1 




Canopy to Vent (Ambient inlet) Vent to Canopy (Exhaust to Am bient)
K n K n

















1.00 14.31 3.98 5058.19 1.00 14.77 4.10 5220.78
2.00 20.59 5.72 5146.60 2.00 21.15 5.88 5286.33
3.00 25.48 7.08 5199.04 3.00 26.09 7 2 5 5325.05
4.00 29.63 8.23 5236.56 4.00 30.29 8.41 5352.70
5.00 33.31 9.25 5265.86 5.00 34.00 9.44 5374.24
6.00 36.66 10.18 5289.92 6.00 37.36 10.38 5391.91
7.00 39.75 11.04 5310.34 7.00 40.47 11.24 5406.89
8.00 42.63 11.84 5328.10 8.00 43.37 12.05 5419.90
9.00 45.35 12.60 5343.81 9.00 46.10 12.80 5431.40
10.00 47.93 13.31 5357.90 10.00 48.68 13.52 5441.71
15.00 59.30 16.47 5412.49 15.00 60.06 16.68 5481.58
20.00 68.97 19.16 5451.56 20.00 69.71 19.36 5510.03
Fig A2-22 Double vent cavity closure install in a window reveal on site
2 4 4
Date: Test No: 1 IP-SS-F-VC-JW7-L Leakage Test VENT CLOSED
5* Nov Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test




Window Frame Type: General uPVC
Mounting: Over Head section (Cavity Closure)
Ventilator: Vent S13-4000 x2
Canopy/Grille: Large 4000 Grille x2 External mounting
Slot sizes: Grille side H= 12mm Vent side H=12mm 1 Long slot 137 mm
Leak Test: 0.61nT7hr at 101.66 Pa I
Measured Data
Direction of Flow:



























i, Leakage through Closed Vent)
2 4 5
Calculated Results


















Date: Test No: I IP-CC-H-1V-2G-jf08
51" Nov Testes in Accordance with BS EN 13141-1 Test Rig: 2 Standard Test






Window Frame Type: Timber
Mounting: Through the Frame
Ventilator: Vent S16-4000
Canopy/Grille: Large G16 Grille x2 Internal mounting
Slot sizes: Grille side H= 12mm Vent side H=12mm 305-16-275-16
Leak Test: 0.22mJ/hr at 99.82 Pa I
Measured Data
Direction of Flow:



































Pressure Flow Flow Eqv. area
Pa mA3/hr I/s mm2
1 4.72 1.31 1667
2 6.93 1.92 1732
3 8.68 2.41 1771
4 10.18 2.83 1799
5 11.52 3.20 1821
6 12.75 3.54 1839
7 13.89 3.86 1855
8 14.95 4.15 1869
9 15.96 4,43 1881
10 16.92 4.70 1892
15 21.19 5.89 1934
20 24.86 6.91 1965
Fig.A2-23 Rooflite Window System Fig.A2-24 Grill position on Rooflite 
Window Section
2 4 8
2.3.3 Manufacturers’ Performance Data
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Fig.A2-25 Manufacturers’ Perfonnance Test Data -System A
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06/12/2003 mi 0020



















1 8.0817 2 2449 2857
2 11 31869 2868
4 16 2871 4 5242 2879
§ 23 1214 8 4226 2390
18 25 8823 7 1895 2893
26 36 7429 10 2064 2904
E 10 0
100












3.11 05 Profile 22, Cavity Closer Overtrame
with S13 4KEA vent and 2N0sP573 guile. Tested 
Slols: 173.5 - 20 -173.5 X 13 for vent an d  18 x 360 for grille. 
Note: Flow from anlsee to vent
TD/1735H2









Fig.A2-27 Manufacturers' Performance Test Data -System B (2 Sets)
external NPS73 Grille through Option 2 
cavity closer to  $13 4KEA ventilator
'3C30
130  -
100 13 00 130 00
DP(Pt)
S i3 4KEA ventilator throughOption 2 
cavity c loser to external MP573 grille






























now iibqv Air 
l/s ||openir>g
1 8.7526 2.4341 || 3097
2 12.5339 34816 || 3133
4 49861 | il69
b X.&42 7.1234 ||
10 28 7?62 7.9934 || 3217





Fig.A2-28 Manufacturers’ Performance Test Data -System C
2 5 2
1 ISO 580-1(1997) (BS 848-1 1997) ‘Fans for general purposes. Performance testing 
using standardized airways’ BSI UK




3.1 Section 1 Model Inputs................................................................................ 255
3.1.1 House.......................................................................................................255
3.1.2 Flat...........................................................................................................262
3.2 Section-2 G raphical R epresentation  o f  th e  S im u lation  R e s u l t s  269
3.2.1 Indoor Pollutant -Average Percentage Relative Humidity.......................269
3.2.1.1 Semi Detached House........................................   269
3.2.1.2 First Floor Flat.................................................................................. 271
3.2.2 Frequency Distribution Graphs................................................................273
3.2.2.1 Carbon Dioxide (C02) ..................................................................... 273
3.2.2.1.1 Semi Detached House.................................................................. 273
3.2.2.1.2 First Floor Flat............................................................................. 343
3.2.3 Carbon Monoxide.................................................................................... 383
3.2.3.1 Semi Detached House......................................................   383
254
3.1 Section 1 Model Inputs
3.1.1 House
• Dimensions:
Foot Print 37.88 m2
Room Height 2.3 m
Building Height 4.6 m
Stairs:
• Distance between levels 2.3m
• CSA 11.5 m2









• All internal doors (except to storage spaces) will 
be assumed to have undercuts for air transfer and 
air leakage around their perimeters whenever they 
are closed.
• An opening schedule detailed in the table below 
(except to storage spaces)
• Background (trickle)Ventilators:
Performance (Flow Characteristics):
Placed at a height of 1.75m 1 (Assumed open unless stated)













Flow Coefficient (c) 
0.002236 m3/s 
Flow Exponent (n) 0.51
Flow Coefficient (c) 
0.002245 m3/s 
Flow Exponent (n) 0.51
Flow Coefficient (c) 
0.00205 m3/s 
Flow Exponent (n) 
0.5




Geometric Area 2 * 4,000mm2
Flow Coefficient (c) 
0.002236 m3/s 




Flow Exponent (n) 0.5
Flow Coefficient (c) 
0.00398 m3/s 
Flow Exponent (n) 
0.52




Ventilator Geometric Size and Quantity per room





As observed on site
Living 2 * 4,000 m2 2 * 4,000 m2 2 * 4,000 m2
Dinning 2 * 4,000 m2 2 * 4,000 m2 2 * 4,000 m2
Kitchen 1* 4000 m2 I* 4000 m2 1* 4000 m2
Bedroom 1 2 * 4,000 m2 2 * 4,000 m2 2* 4000 m2
Bedroom 2 2 * 4,000 m2 2 * 4,000 m2 2 * 4,000 m2
Bedroom 3 2 * 4,000 m2 2 * 4,000 m2 2 * 4,000 m2
En-Suite 1* 4000 m2 I* 4000 m2 1*4000 m2
Fan Performance: Placed at a height of 2m in the model
Fan Type 
Observed on site






En-Suite Axial 0.015 m3/s 0.025 m3/s 0.00689 m3/s
Bathroom Centrifugal 0.015 m3/s 0.0194 m3/s 0.00430 m3/s




















Living room 0.00-17.00 0 0 0 0 Always
17.00-18.00 1 1 0.1069 0.5 Open
18.00-18.30 0 2 0.0664 0.4
18.30-19.30 1 2 0.1069 0.7
19.30-20.30 2 1 0.1143 0.8
20.30-21.30 2 2 0.1475 1
21.30-22.00 1 0 0.0406 0.3
22.00-0.00 0 0 0 0
Kitchen 0.00-7.30 0 0 0 0 Always
7.30-7.45 1 0 0.1881 0.3 Open
7.45-8.00 2 0 0.2286 0.6 0.5 On
7.50-8.00
8.00-8.15 1 1 0.2212 0.5
8.15-8.30 1 2 0.2544 0.7
8.30-18.00 0 0 0 0
18.00-19.00 1 0 0.7780 0.3
19.00-19.30 1 0 1 0.3 1 On
9.15-
19.30
19.30-21.00 0 0 0.3687 0
21.00-0.00 0 0 0 0
Dinning 0.00-24.00 0 0 0 0 Closed
WC 0.00-24.00 0 0 0 0 Closed
Bed 1 0.00-7.00 2 0 0.442 0.4 Closed
7.00-7.45 1 0 0.041 0.3 Closed
7.45-22.00 0 0 0 0 Open
22.00-23.00 2 0 0.0881 0.6 Closed
23.00-0.00 2 0 0.442 0.4 Closed
En-Suite 0.00-7.00 0 0 0 0 Always
7.00-7.30 1 0 0.9255 0.3 On Closed
7.30-21.30 0 0 0 0
21.30-22.00 1 0 0.0406 0.3 On
22.00-0.00 0 0 0 0
Bed 2 0.00-7.30 0 1 0.0111 0.1333 Closed
7.30-7.45 0 0 0 0 Open
7.45-8.00 0 1 0.0332 0.2 Open
8.00-21.30 0 0 0 0 Open
21.30-22.00 0 1 0.033 0.2 Closed
22.00-0.00 0 1 0.0111 0.1333 Closed
Bed 3 0.0-7.45 0 1 0.0111 0.1333 Closed
7.45-8.00 0 0 0 0 Open
8.00-8.15 0 1 0.0332 0.2 Open
8.15-21.30 0 0 0 0 Open
21.30-22.00 0 1 0.0332 0.2 Closed
22.00-0.00 0 1 0.011 0.1333 Closed
Bathroom 0.00-7.30 0 0 0 0 Always
7.30-8.00 0 1 0.0332 0.2 On Closed
8.00-19.30 0 0 0 0
19.30-20.30 0 1 0.4757 0.2 On



















Living room 0.00-9.15 0 0 0 0 Always
9.15-9.30 1 0 0.0406 0.3 Open
9.30-10.30 2 2 0.1475 1
10.30-12.00 1 0 0.0406 0.3
12.00-12.30 0 0 0 0
12.30-13.30 2 2 0.1475 1
13.30-16.30 1 1 0.0737 0.5
16.30-17.45 2 2 0.1475 1
17.45-18.00 1 2 0.1069 0.7
18.00-19.30 0 0 0 0
19.30-19.45 1 1 0.0737 0.5
19.45-20.30 2 1 0.1143 0.8
20.30-21.30 2 2 0.1475 1
21.30-22.00 1 0 0.0406 0.3
22.00-0.00 0 0 0 0
Kitchen 0.00-8.30 0 0 0 0 Always
8.30-8.45 1 0 0.1881 0.3 Open
8.45-9.00 2 0 0.2286 0.6
9.00-9.15 2 1 0.2618 0.8 0.5
9.15-9.30 1 2 0.2544 0.7 On
9.15-9.30
9.30-12.00 0 0 0 0
12.00-12.30 1 0 0.4830 0.3 1 On
12.15-
12.30
12.30-17.45 0 0 0 0
17.45-18.00 1 0 0.6305 0.3






18.45-19.00 0 0 0.1475 0
19.00-19.30 0 0 0.3687 0
19.30-19.45 1 1 0.4425 0.5
19.45-21.00 0 0 0.3687 0
21.00-0.00 0 0 0 0
Dinning 0.00-18.00 0 0 0 0 Closed
18.00-18.45 1 2 0.1069 0.7 Open
18.45-19.30 2 2 0.1475 1 Open
19.30-0.00 0 0 0 0 Closed
WC 0 0 0 0 0 Closed
Bed 1 0.00-8.00 2 0 0.0442 0.4 Closed
8.00-8.45 1 0 0.0406 0.3 Closed
8.45-22.00 0 0 0 0 Open
22.00-23.00 2 0 0.0811 0.6 Closed
23.00-0.00 2 0 0.0442 0.4 Closed
En-Suite 0.00-8.00 0 0 0 0 Always
8.00-8.30 1 0 0.9255 0.3 On Closed
8.30-21.30 0 0 0 0
21.30-22.00 1 0 0.0406 0.3 On
22.00-0.00 0 0 0 0
Bed 2 0.00-8.15 0 1 0.0111 0.1333 Closed
8.15-8.30 0 1 0.0332 0.2 Closed
8.30-8.45 0 0 0 0 Open
8.45-9.00 0 1 0.0332 0.2 Open
9.00-21.30 0 0 0 0 Open
21.30-22.00 0 1 0.0332 0.2 Closed
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22.00-0.00 0 1 0.0111 0.1333 Closed
Bed 3 0.00-8.45 0 1 0.0111 0.1333 Closed
8.45-9.00 0 0 0 0 Open
9.00-9.15 0 1 0.0332 0.2 Open
9.15-21.30 0 0 0 0 Open
21.30-22.30 0 1 0.0332 0.2 Closed
22.00-0.00 0 1 0.0111 0.1333 Closed
Bathroom 0.00-8.30 0 0 0 0 Always
Closed8.30-9.00 0 1 0.0332 0.2 On
9.00-19.30 0 0 0 0
19.30-20.30 0 1 0.4757 0.2 On
20.30-0.00 0 0 0 0




The week-day and weekend moisture production rate based on assumptions detailed in 
BS 52502and information gathered during the occupant interviews detailed in Chapter 3 





Time (24hra) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total
No o f  Occupants A 2 2 2 2 2 2 2 2 1 0 0 0 0 0 0 0 0 1 2 2 2 2 2 2
C 2 2 2 2 2 ' 2 2 2 2 0 0 0 0 0 0 0 0 2 2 2 2 2 2 2
Moisture Generation A 40 40 40 40 40 40 40 55 55 0 0 0 0 0 0 0 0 55 55 55 55 55 55 40
Moisture Generation C 25 25 25 25 25 25 25 25 75 0 0 0 0 0 0 0 0 75 75 75 75 25 25 25
Total Moisture People 105 105 105 105 105 105 105 135 130 0 0 0 0 0 0 0 0 130 185 185 185 135 135 105 2060
Cooking 500 1500 0 2000
Bathing 600 600 1200
Washing/Drying
Clothes
25 75 50 so 200
Dishwashing 400 400
Total Moisture 105 105 105 105 105 105 105 735 630 0 0 0 0 0 0 0 0 130 1710 660 835 185 135 105 5860
Week-End
Time(24his) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total
No of Occupants A 2 2 2 2 2 2 2 2 2 2 1 1 1 2 I 1 1 2 2 2 2 2 2 2
C 2 2 2 2 2 2 2 2 2 2 0 0 2 1 1 1 1 2 2 2 2 2 2 2
Moisture Generation A 40 40 40 40 40 40 40 40 55 55 55 55 55 55 55 55 55 55 55 55 55 55 55 40
Moisture Generation C 25 25 25 25 25 25 25 25 75 75 0 0 75 45 45 45 45 75 75 75 75 25 25 25
Total Moisture People 105 105 105 105 105 105 105 105 185 185 55 55 130 155 100 100 100 185 185 185 185 135 135 105 3020
Cooking 500 1000 1500 0 3000
Bathing 600 600 1200
Washing/Drying
Clothes
50 150 100 100 100 500
Dishwashing 100 100 200 400
Total Moisture 105 105 105 105 105 105 105 105 1285 285 55 55 1130 305 250 200 200 1785 385 185 785 135 135 105 8120
Legend: A= Adult C=Child
Table 1 Calculated Total Daily Moisture Production (House)
• Carbon Dioxide (CO2)
CO2 concentrations were modelled as a surrogate tracer, with emission rates according 
to occupancy. The calculations were based on the assumption that the background level 
of CO2 was constant at a rate of 730 mgm'3 (400 ppm)3. It was assumed the occupants 
emitted CO2 at the rates specified in Table 2 below within the locations identified within
the schedule tables above.




per child 10 yrs -13 yrs
awake 12 6.1
asleep 8 4.1
per child under 3 yrs
awake 8 4.1
asleep 4 2.0
Table 2: Rate Occupants Emit CO2 (House)3
• Formaldehyde
The background outdoor level of formaldehyde was assumed to be constant at 2pg .m'3,4 
Table 3 details the calculated room-by-room total emission of formaldehyde based on 














Table 3 Total Formalc 




The background level of CO was assumed to be constant at 0.469 mg m'3. The 
concentrations levels applied within the kitchen during cooking times only are detailed 
within the schedule tables above. The houses on the development were only fitted with 








Opening area: 0.945 m2 









En-Suite 0.304m2 7.30-7.35 8.30-8.40




Foot Print 50.57 m2








• All internal doors (except to storage spaces) will 
be assumed to have undercuts for air transfer and 
air leakage around their perimeters whenever they 
are closed.
• An opening schedule detailed in the table below 




Placed at a height of ^ ( A s s u m e d  open unless stated)












Flow Coefficient (c) 
0.00228 m3/s 
Flow Exponent (n)0.51
Flow Coefficient (c) 
0.00223 m3/s 
Flow Exponent (n)0.51







Vent Size and Quantity per room





As observed on site
Living 2 * 4,000 m2 2 * 4,000 m2 2 * 4,000 m2
Kitchen 1* 4000 m2 1* 4000 m2 1* 4000 m2
Bedroom 1 2 * 4,000 m2 2 * 4,000 m2 1* 4000 m2
Bedroom 2 2 * 4,000 m2 2 * 4,000 m2 2 * 4,000 m2
Bathroom 1* 4000 m2 1 * 4000 m2 1* 4000 m2
Fan Performance: 5laced at a height of 2m in the model
Fan Type 
Observed on site






Bathroom 0.015 m3/s 0.025 m3/s 0.00689 m3/s











Room Time No: Adults
Bed 1 0.00-7.00 2 0.05 0.667 Closed
7.00-7.45 1 0.04 0.5 Closed
7.45-22.15 0 0 0 Open
22.15-22.30 1 0.04 0.5 Closed
22.30-23.00 2 0.08 1 Closed
22.30-0.00 2 0.05 0.667 Closed
Bed 2(Study) 0.00-20.15 0 0 0 Open
20.15-22.15 1 0.04 0.5 Closed
22.15-0.00 0 0 0 Open
Bathroom 0.00-7.00 0 0 0 Off Always
7.00-7.30 1 1 0.5 On Closed
7.30-22.15 0 0 0 Off
22.15-22.30 1 1 0.5 On
22.30-0.00 0 0 0 Off
Kitchen 0.00-7.30 0 0 0 Off Always
7.30-7.45 1 0.2 0.5 On 7.40-7.45 Open
7.45-8.00 2 0.25 1 Off
8.00-8.30 1 0.2 0.5 Off
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8.30-18.00 0 0 0 Off
18.00-19.30 1 0.68 0.5 On 19.00-19.15
19.30-0.00 0 0 0 Off
Living room 0.00-17.45 0 0 0 Always
Open17.45-18.00 1 0.04 0.5
18.00-18.30 0 0 0
18.30-19.30 1 0.04 0.5
19.30-20.15 2 0.09 1
20.15-22.00 1 0.04 0.5












Bed 1 0.00-9.00 2 0.05 0.667 Closed
9.00-9.30 2 0.09 1 Closed
9.30-23.00 0 0 0 Open
23.00-0.00 2 0.05 0.667 Closed
Bed 2(Study) 0.00-20.00 0 0 0 Open
20.00-21.30 1 0.04 0.5 Closed
21.30-0.00 0 0 0 Open
Bathroom 0.00-9.30 0 0 0 Off Always
9.30-10.00 1 1 0.5 On Closed
10.00-22.30 0 0 0 Off
22.30-23.00 1 1 0.5 On
23.00-0.00 0 0 0 Off
Kitchen 0.00-9.30 0 0 0 Off Always
9.30-10.00 1 0.4 0.5 0nl0.15-10.30 Open
10.00-10.30 2 0.41 1 Off
10.30-12.00 0 0 0 Off
12.00-12.30 1 0.52 0.5 Onl2.15-12.30
12.30-18.00 0 0 0 Off
18.00-19.30 1 0.68 0.5 Onl9.00-19.15
19.30-0.00 0 0 0 Off
Living-room 0.00-10.45 0 0 0 Always
10.45-12.00 1 0.04 0.5 Open
12.00-12.30 0 0 0
12.30-13.30 2 0.09 1
13.30-16.30 0 0 0
16.30-18.00 2 0.09 1
18.00-19.30 1 0.04 0.5
19.30-20.00 2 0.09 1
20.00-21.30 1 0.04 0.5
21.30-22.30 2 0.08 1
22.30-23.00 1 0.04 0.5
23.00-0.00 0 0 0




The week-day and weekend moisture production rate based on assumptions detailed in 
2  t % 
BS 5250 and information gathered during the occupant interviews detailed in Chapter 3 






Time (24hrs) 0 I 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total
No of occupancies 2 2 2 2 2 2 2 2 1 0 0 0 0 0 0 0 0 0 1 2 2 2 1 2
Moisture generation rate/person 40 40 40 40 40 40 40 55 55 0 0 0 0 0 0 0 0 0 55 55 55 55 55 40
Total Moisture people 80 80 80 80 80 80 80 110 55 0 0 0 0 0 0 0 0 0 55 n o 110 110 n o 80 1300
Cooking 200 1000 1200
Bathing 600 300 900
Washing/Diymg Clothes 0
Dishwashing 400 400
Total Moisture 80 60 80 80 80 80 80 710 255 0 0 0 0 0 0 0 0 0 1055 510 110 n o 410 80 3800
Week-End
Time (24hrs) 0 1 2 3 4 5 6 7 8 9 to 11 12 13 14 15 16 17 18 19 20 21 22 23 Total
No of occupancies 2 2 2 2 2 2 2 2 2 2 2 1 1 2 0 0 2 2 2 2 2 2 2 2
Moisture generation rate/person 40 40 40 40 40 40 40 40 40 55 55 55 55 55 0 0 55 55 55 55 55 55 55 40
Total Moisture people 80 80 80 80 80 80 80 80 80 110 110 55 55 110 0 0 110 110 110 110 110 110 110 80 2010
Cooking 300 100 1000 1400
Bathing 600 600 1200
Washing/Dtying Clothes 50 75 75 50 250
Dishwashing 100 50 250 400
Total Moisture 80 80 80 80 80 80 80 80 SO 710 410 155 105 335 75 50 110 110 1110 360 110 110 710 80 5260
Table 4 Calculated Total Daily Moisture Production (Flat)
• Carbon Dioxide
C 02 concentrations were modelled as a surrogate tracer, with emission rates according 
to occupancy. The calculations were based on the assumption that the background level 
of C02 was constant at a rate of 730 mg m'3 (400 ppm)3. It was assumed the occupants 
emitted CO2 at the rates specified in Table 5 below within the locations identified within
the schedule tables above.




per child 10 yrs - 13 yrs
awake 12 6.1
asleep 8 41
per child under 3 yrs
awake 8 4.1
asleep 4 2.0
Table 5: Rate Occupants Emit C02 (Flat)3
• Formaldehyde
The background outdoor level of formaldehyde was assumed to be constant at 2pg .m'3,4 
Table 6 details the calculated room-by-room total emission of formaldehyde based on 









Table 6 Total Formaldehyde 
Emission per Room (Flat)
Windows Sizes
• Bathroom 




Opening area: 0.830 m2 










Bathroom 0.379m2 7.30-7.35 10.00-10.10
0.379mz 22.30-22.35 23.00-23.05
Kitchen 0.830 mr 19.15-19.25 12.30-12.35
19.15-19.25
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3.2 Section-2 Graphical Representation of the Simulation Results
3.2.1 Indoor Pollutant -Average Percentage Relative Humidity
3.2.1.1 Semi Detached House
The average percentage relative humidity (RH) experienced in the principle rooms in 
the semi-detached house displayed graphically in Figs. I -4
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3.2.1.2 First Floor Flat
The average percentage relative hum idity (RH) experienced in the principle room s in 
the first floor flat displayed graphically in Fig 5 -8
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3.2.2 Frequency Distribution Graphs
3.2.2.1 Carbon Dioxide (C02)
3.2.2.1.1 Semi Detached House
System  P e rfo rm an ce  
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Ventilation System : Building Regulation (AD-F-1995) Perform ance Requirem ents 
Background V entilators Open 
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Frequency Distribution o f Predicted Carbon Dioxide Levels in the  Bedroom-3 of the  Semi-Detached House 
Ventilation System: Installed Perform anceBackground Ventilators Open
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Ventilation System: Installed Performance-Background Ventilators Open
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Frequency Distribution of Predicted Carbon Dioxide Levels in Living Room of Semi-Detached House 
Ventilation System: Installed Performance- Bath & Kitchen Windows Open on a Schedule 
Bacl^j round Ventilators Open











f  f  ^  #  #  £  #  #  #  #  f  f  #  #  f  #  #  #  $  f
Caibon Dioxide (ppm)
l n » - ................
3 3 9
Frequency Distribution of Predicted Carbon Dioxide Levels in Kitchen of Semi-Detached H ouse 
Ventilation System : Installed Performance- Bath & Kitchen W indows Open on a Schedule 
Background Ventilators Open











4? ^  <5* i f  4?  $  4$ 4? ^
C arbon Dioxide (ppm)
al innnnQl lDDDlla. -----
30
25
Frequency Distribution of Predicted Carbon Dioxide Levels in ErvSuite Bathroom of Semi-Detached House 
Ventilation System: Installed Perform ance- Bath & Kitchen Windows Open on  a Schedule 
B ackground V entilators O pen





+ ^  f  f  f  j  ^  #  #  /
C arbon Dioxide (ppm)
3 4 0
Frequency Distribution of Predicted Caibon Dioxide Levels in Bedroom-3 of Semi-Detached House 
Ventilation System: Installed Performance- Bath & Kitchen Windows Open on a Schedule 
Background Ventilators Open 








Q.Q.D □ a J . n l  _ J l l D . n . O  a a  r. n  n n
#  #  4? 4? & #  4? <# <<** ^  ^  ^  ^  j f  ^  ^  ^  ^  ^  ^  ^  ^  4
Carbon Dioxide (ppm)
Frequency Distribution of Predicted Caibon Dioxide Levels in Bedroom-2 of Semi-Detached House 
Ventilation System: Installed Performance- Bath & Kitchen Windows Open on a Schedule 
Background Ventilators Open









m l l i  9 U III fl 0 n n n n n n „ _
3 4 1
Frequency Distribution of Predicted Carbon Dioxide Levels in Bedroom-1 of Semi-Detached House 
Ventilation System: Installed Performance- Bath & Kitchen W indows Open on a Schedule 
Background Ventilators Open 
[■Infiltration Rate 10 m3/hr/m2l
i l l l l i ]u ii
Carbon Dioxide (ppm)
Frequency Distribution of Predicted Caibon Dioxide Levels in Bathroom of Semi-Detached House 
Ventilation System: Installed Performance- Bath & Kitchen Windows Open on a Schedule 
Background Ventilators Open










3.2.2.1.2 First Floor Flat
System Perform ance
B/Regs. (1995) First Floor Flat
Infiltration Rate 1 m3/hr/m 2
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat 
Ventilation System: Building Regulation (AD-F-1995) Performance Requirements 
Background Ventilators Open 







Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 








M anufacturers’ Data First Floor Flat
Infiltration Rate 1 m3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Rat 
Ventilation System: Manufacturers Performance Data 
Background Ventilators Open
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Infiltration Rate 3 m3/hr/m 2
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M anufacturers’ Data First Floor Flat
Infiltration Rate 3 m J/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Manufacturers Performance Data 
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System Perform ance
B/Regs. (1995) First Floor Flat
Infiltration Rate 5 m 3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Building Regulation (AD-F-1995) Performance Requirements 
Background Ventilators Open
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Building Regulation (AD-F-1995) Performance Requirements
Background Ventilators Open
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Ventilation System: Building Regulation (AD-F-1995) Performance Requirements 
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M anufacturers’ Data First Floor Flat
Infiltration Rate 5 m3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Manufacturers Performance Data 
Background Ventilators Open
■  Infiltration Rate 5 m3/hr/m2
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Manufacturers Performance Data
Background Ventilators Open
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B/Regs. (1995) First Floor Flat
Infiltration Rate 10 m3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Building Regulation (AD-F-1995) Performance Requirements 
Background Ventilators Open
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat 
Ventilation System: Building Regulation (AD-F-1995) Performance Requirements 
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Building Regulation (ADF-1995) Performance Requirements 
Background Ventilators Open
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M anufacturers’ Data First Floor Flat
Infiltration Rate 10 m3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Manufacturers Performance Data 
Background Ventilators Open 
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat 
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Background Ventilators Open 
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Ventilation System: Manufacturers Performance Data 
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System  Perform ance- On site P erform ance V ents C losed
First F loor Flat
Infiltration R ate 1 m 3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a F irst Floor Flat 
Ventilation System: Installed Perform ance-Background Ventilators Closed
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom-1 of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Closed
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Frequency Distribution of Predicted Carbon Dioxide Levels in the  Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Closed

















































































































System Perform ance On Site Perform ance Vents Open
First Floor Flat
Infiltration R atel m3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
[■  Infiltration Rate 1 m3/hr/m2l
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
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System Performance On Site Performance Vents Open 
+ Windows Open on a Schedule 
First Floor Flat 
Infdtration Ratel m3/hr/m2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
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Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
B Infiltration Rate 1 m3/hr/m2 j




Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Open-
Bath & Kitchen Windows Open on a Schedule
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
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System Perform ance- On site Perform ance Vents Closed
First Floor Flat
Infiltration Rate 3 m3/hr/m2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Closed
B Infiltration Rate 3 m3/hr/m2
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Ventilation System: Installed Performance-Background Ventilators Closed
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Closed
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Closed
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System Perform ance On Site Perform ance Vents Open
First Floor Flat
Infiltration Rate 3 m3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
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Ventilation System: Installed Performance-Background Ventilators Open
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Sackground Ventilators Open
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Ventilation System: Installed Performance-8ackground Ventilators Open
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System Performance On Site Performance Vents Open + Windows Open on a 
Schedule 
First Floor Flat 
Infiltration Rate 3 m3/hr/m2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
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Carbon Dioxide (ppm)
Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Open-
Bath & Kitchen Windows Open on a Schedule
U Infiltration Rate 3 m3/hr/m2 \
20
<n v> t-. s s s f o o o o o o oo o o o o o o<© r- oo o> o «- o  o  o  o  o  o  o  M N N N N N N N
Carbon Dioxide (ppm)
o o o o o o o o oo o o o o
n
Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
U  Infiltration Rate 3 m3/hr/m2
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System  P erform ance- On site P erform ance V ents C losed
First F loor Flat
Infiltration R ate 5 m 3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Perform ance-Background Ventilators Closed
!■ Infiltration Rate 5 m3/hr/m2 |
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Carbon Dioxide (ppm)
Frequency Distribution of Predicted C arbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Perform ance-8ackground Ventilators Closed
B  Infiltration Rate 5 m3/hrtm2
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Closed






I l l l l H l a l a H a l l e e e a a i l M  ■■■■■■
Carbon Dioxide (ppm)
Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 








■  Infiltration Rate 5 m3/hrfm2
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System P erform ance On Site P erform ance V ents Open
First Floor Flat
Infiltration Rate 5 m 3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
■  Infiltration Rate 5 m3/hr/m2
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Open
iBInffllrmon R»t» 5 m3/hrfm2l
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Carbon Dioxide (ppm)
Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
■  Infiltration Rate 5 m3/hr/m2
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System Performance On Site Performance Vents Open + Windows Open on a 
Schedule 
First Floor Flat 
Infiltration Rate 5 m3/hr/m2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
■  Infiltration Rate 5 m3/hrftn2 1
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Open-
Bath & Kitchen Windows Open on a Schedule
I Infiltration Rate 5 m3/hr/m2
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Carbon Dioxide (ppm)
Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
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System Perform ance- On site Perform ance Vents Closed
First Floor Flat
Infiltration Rate 10 m3/hr/m2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Close
■  Infiltration Rate 10 m3/htfm2 |
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Carbon Dioxide (ppm)
Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Close 
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Close
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Carbon Dioxide (ppm)
Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Closed
Rate 10 m3/hr/m2
20
500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450
Carbon Dioxide (ppm)
378
System Perform ance On Site Perform ance Vents Open
First Floor Flat
Infiltration RatelO m3/hr/m 2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of First Floor Flat 
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open
Rate 10 m3/hrfm2
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat
Ventilation System: Installed Performance-Background Ventilators Open







C a rb o n  Dioxide (ppm )
Frequency Distribution of Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Perform ance-Background Ventilators Open
■  Infiltration R ate 10 m3/hr/m2




System Performance On Site Performance Vents Open + Windows Open on a 
Schedule 
First Floor Flat 
Infiltration RatelO m3/hr/m2
Frequency Distribution of Predicted Carbon Dioxide Levels in the Living Room of F irst Floor Fiat 
Ventilation System : Installed Performance-Background Ventilators O pen- 
Bath & Kitchen Windows Open on a Schedule
Rates 10 m3/htfm2
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Carbon Dioxide (ppm)
Frequency Distribution of Predicted Carbon Dioxide Levels in the Kitchen of a First Floor Flat 
Ventilation System: Installed Perform ance-Background Ventilators Open- 
Bath & Kitchen  W indows O pen on  a Schedule 
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Frequency Distribution of Predicted Carbon Dioxide Levels in the Bedroom of a First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule 
Rates 10 m3/hr/m2 I
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Carbon Dioxide (ppm)
Frequency Distribution o f Predicted Carbon Dioxide Levels in the Bathroom of the First Floor Flat 
Ventilation System: Installed Performance-Background Ventilators Open- 
Bath & Kitchen Windows Open on a Schedule
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3.2.3.1 Semi Detached House
System Performance- On site Performance Vents Closed 
Kitchen in the Semi Detached House 
Infiltration Rate 1 m3/hr/m2
F requency Distribution of Predicted Carbon Monoxide Levels in th e  Kitchen o f a Sem i-Detached H ouse 
Ventilation System: Installed Perform ance-Background Ventilators Closed
[■  Infiltration R ate 1 m3frir/m21
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System Performance On Site Performance Vents Open 
Kitchen in the Semi Detached House 
Infiltration Ratel m3/hr/m2
Frequency Distribution of Predicted Carbon Monoxide Levels in the Kitchen of a Semi-Detached 
House 
Ventilation System: Installed Performance-Background Ventilators Open
B  Infiltration R ate  1 m3*tir/m21
0 5  1 1.5 2  2.5 3 3.5 4 4.5 5 5.5 6 6 .5  7 7.5
C arbon M onoxide mg/m3
383
System Performance On Site Performance Vents Open + Windows Open on a 
Schedule 
Kitchen in the Semi Detached House 
Infiltration Ratel m3/hr/m2
Frequency Distribution of Predicted Carbon Monoxide Levels in Kitchen of Semi-Detached House 
Ventilation System: Installed Performance- Bath & Kitchen Windows Open on a Schedule 
Background Ventilators Open













1 Building Regulations: (1995). ‘Approved document FI: Means of Ventilation’ 2002 
edition. The Stationary Office, HMSO, UK
2 British Standard BS5250:2002 (as amended 2005), “Code of practise for control of 
condensation in buildings” BSI UK
3 Mansson, L. (1995) ‘Evaluation and Demonstration of Domestic Ventilation Systems- 
’ IEA ECBCS, Annex 27 Report A12.1995. Swedish Council for Building Research, 
Stockholm
4 Palmer J. et al., (2007) ‘Investigation of Ventilation Effectiveness’, ODPM Building 
Regulations Division, Building Operational Performance Framework, Final Report, 
Reference Number: Cl 71/6/44 (BD2523),14th February 2007
385
